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A pr-ogt- amme of e>: per- i menta 1 wor- k was c c: .. rr- i ed out usi ng hot 
and cold jets. 
The hot jet s wer-e pr-oduced by -::~ small sol i d-pr-opell ant 
r-ocket motor-. Nitr-ogen and air- at ambient stagnation 
temper-atur-e wer-e used to produce the cold jets. 
All experimental jets were produced with the same convergent 
a>: i s y m t ric no z z lew h i c h had an e:-: i t d i am e t e r 0 f 3. 12m m . 
Pitot pressures were measured along the centrelines of the 
f 1'- e e jet sin the ran 9 eO·· Z p t IRe 5 (I • 
Impingement flowfield pressures wer-e measured at discrete 
positions across the surface of a flat plate. The 
measurement positions were arranged in a line across the 
plate sur-face. For all tests~ the nozzle axis intercepted 
the line joining the measurement positions on the plate 
surface. 
The plate was perpendicular to the nozzle aX1S for all tests 
with cold alr-. Measurements were made with the plate located 
in the range 0 < Zp/Re < 50. 
For the tests with rocket exhaust and the nitrogen jets the 
p I ate was inc 1 i ned at 9 (loa n d 45 0 tot h e jet a i: 1 s . The 
no z z I e - to - p I ate s epa rat ion dis tan c e s we r e 5 ~ 1 (> ~ :2 0 ~--: 40. 
Results are presented from free and impinging alr jets for 
1. <" Pc/Pa <" 20. 
Results are presented from free and impinglng nitrogen and 


































noz z 1 e e:-: it area 
nozzle throat area 
specific heat at constant pressure 
specific heat at constant volume 
nozzle exit diameter 
length 
Mach Number 
Mach Number at nozzle exit plane 
static pressure 
ambient pressure 
combustion chamber stagnation pressure 
static pressure at nozzle exit 





transducer balance circuit resistance 
nozzle exit radius 
transducer bridge resistance 
shunt resistance 
distance across plate surface from nozzle aXiS 
static temperature 




distance along jet axis from nozzle exit 
distance of mach disk from nozzle exit 
nozzle-to-plate separation distance 
nozzle-to-probe separation distance 
angle between plate and light beam 
ratio of specific heats Cp/Cv 
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CHAPTER ONE INTRODUCTION 
1.1) GENERAL BACKGROUND 
Roc k e t mot 0 r- s .0:"11'- e use d top r- 0 v ide pr-o p u lSI vet h I~ us t f 0 r-
var-ious types of aer-ospace vehicle. The thrust is developed 
by the super-sonic jets of hot gas emItted thr-ough the rocket 
motor- exhaust nozzles. Usually, for- most flIght 
trajectories of r-ocket-propelled aer-ospace vehicles the 
exhaust jets expand fr-eely into the ambient media. Ther-e 
are~ however~ instances where the exhaust jets impinge on 
solid obstacles which ar-e either unavoidably or- deliber-ately 
pas i t i () ned i nth e vic i nit y 0 f the roc k e t mot 0 r e ~-: h au s t 
nozzles. Therefor-e. in these cases~ the exhaust jets ar-e 
deflected fr-om their normal paths. When a rocket exhaust 
jet is deflected in this manner- by a solid obstacle the 
situation is usually refered to as rocket exhaust 
impingement. 
Examples of situations wher-e rocket exhaust impingement 
occur-s in practice are: rocket vehicle launch, multi-stage 
or multi-motor rocket vehicle separation~ and exploratory 
extr-a-terr-estial landing. These three examples of 
impingement will now be examined in greater detail. 
Firstly~ for rocket vehicle launch~ it 1S normal practice to 
deflect the exhaust jet away from the launch complex 1n a 
controlled manner with a suitably shaped and positioned 
deflection device. This is done to ensure that delicate 
components of rocket vehicle, such as flight surfaces~ are 
not accidently exposed to the exhaust which might otherwise 
occur through the processes of impingement and reflection 
from an inappropiately positioned obstacle; if delicate 
parts of the rocket vehicle were exposed to a high velOCIty 
and temper- a tur e e>: haust ~ then they cou I d be damaged. 
Additlonally~ controlled deflection of the exhaust~ reduces 
t t, f-? 1-, :~.~. d r d <:;, f u t P t' t <;; 0 I I r IE'] ~.J hom <'1 '/ fl Eo edt 0 b t'::' I n l he. 1 LIn 1 t 'r' 
of the launch cDmp IE'>: . 
Secondly, durIng the flight of multI-stage and multi-motor 
rocket vehIcles, it is usual practice to dIscard a stage or 
mot 0 t-· D II C e the d S S () cia t f:? d p r- 0 pel 1 ant sup P I '/ h a ·3 bee n 
consumed. When separation occurs, the burnt-out stage or 
motor may then be in the path of the exhaust Jets IssuIng 
from the remainder of the vehicle WhICh continues flight 
under power. ThIS powered section of the flight vehicle may 
therefore be exposed to and damaged by its own exhausts 
through a process of impingement Oll~ and reflection from~ 
the discarded stage or motor. Usually, this problem can be 
avoided by altering the trajectory of the discarded section 
of the flight vehicle. Trajectory modifications are 
normally effected by operating small auxiliary rocket motors 
which are incorporated in the discarded section. However~ 
there is now a possibility that the exhausts from the 
auxiliary motors may impinge directly on the part of the 
vehicle which continues flight under power~ damaging the 
exposed surfaces and modifying the trajectory. 
Finally~ for an exploratory extra-terrestial landing, the 
lander vehicle usually approaches the planet surface at 
perpendicular incidence. Therefore~ if the lander is to 
remain intact at touchdown, it IS necessary to minimise its 
approach velocity. Control of the approach velocity is 
normally accomplished by operating a rocket on the lander 
which IS orientated to counteract the gravitational forces 
(i.e. the jet is directed towards the planet surface). 
Therefore this can result in the lander vehicle being 
exposed to~ and possibly damaged by the rocket exhaust 
through the processes of impingement and reflection from the 
planet surface. Additionally~ if the planet surface is 
friable. then any material blown around by the exhaust may 
strl~.e and damage the lander. (A similiar situation occurs 
during VTOL aircraft take-off and landIng~ although In thIS 
case the jet IS produced by a gas turbIne engine.) 
Tt't:~~~t.' >?:dfllplt.c'~:; 0+ r-uckpt f?>:haust ImpllhJ(~ment shovJ that 
aerospace vehicles can be jeopa~dised 1n a ~arlety of ways 
by l:?i tI,E't- dil~ec..t e>:haust Impin(]ement. Dr the consequences of 
t.he impinqemE·nt. Therefore~ at the design stage of a 
P 1'- 0 J E' ct. 1 tis imp 01'- t a Ii t t Ci bed b let () r e coL] n 1 5 e and 
mIn 1 ITIl c; e an / r· i 5 ~ S w h i c r, mil] h t. ax i s e fro m imp i n gem e n t . To 
c~ccDmpli<.:;h this, it is nec(~ssal'-y to predict t.he velocitles~ 
pressures and temperatures within impingement flows. These 
pr-ed i c: t j Dns thus pro'li de i nf oli-nat Ion about the aerodynami c 
and t.hermal loading at the surfaces of obstacles. With this 
loading information~ the appropiate design choices can be 
made to ensure the integrity of structures that will either 
be exposed to rocket exhausts~ or be influenced by a 
consequence of impingement. Clearly~ if such a design 
s t r- ate g y i s to be s u c e s s f u I ~ the n rei i a b I e and a c c u t- ate flo w 
prediction methods must be available for rocket exhaust 
impingement flows. Obviously~ these prediction methods can 
only be devised if rocket exhaust impingement flows are 
studied and understood. 
I n a c cur ate p t- e d i c t ion of roc k e t e >: h au s tim pin gem e n t f low s ~ 
and underestimation of the effects they can cause, have led 
to projects incurring substantial additional costs and 
delays. A recent instance of this happening occured with 
the NASA Space Shuttle. After the launch of the first 
Shuttle~ it was discovered that there was a serious fault In 
the dE? S i g n 0 f the I au n c h com pie >: ( Ref. 1). A nan a I y sis of 
gas pressure recordings~ made in the vicinity of the Shuttle 
tail durIng the lift-off~ revealed the development of 
pressures four times greater than predicted. It was 
subsequently determined that the cause of these excess 
pre s sur e s was ref I ec t ion 0 f the roc k e t mo tor e:: h au s t s by the 
launch complex. These pressures jeopardised the Shuttle 
because they imposed forces on the flight surfaces that were 
above the designed limits. Modifications to the launch 
complex to rectify this potentially dangerous design fault 
cost ln the region of $1.5 million. But. even when this had 
bf?en dOflE'. uncertaInty persIsted untll the second Shuttle 
] dllllLtl ,,\C. to whelhet- or· not the morJ! f 1 c~~t 1 ons \-.Joul d have t ttL:' 
I'"" e qUI I'"" e d t.::- f -+ e c: t . (j b v i Cl us I '/ • 1 -+ r-I:? I i a b I elm pIn 9 em e n t f I ClItJ 
prediction methods had been available~ then the addItIonal 
costs and uncertainty would have been avoided. 
1 • :.:::) CH?~f~:nCTEFn ST I CS (]F- F:C)CkET E XHAUS 1 I MF' I NGEMENl FLOWS 
T h 1 sse c t ion 0 utI i n t? s the c h a r' act e r 1 S t 1 C S 0 f r- 0 eke t e;.~ h au s t s 
and impingement flows; thlS wIll provlde a clearer 
indication of the type of flows which need to be predicted. 
In Sf-?ction 1.3~ the '/ar-ious methods of -flow pt-ediction are 
e:.: ami ned. 
Rocket motor exhausts a~e composed of high-temperature 
chemically-reacting mixtures of gases. The exhausts of some 
motors may also contain considerable quantities of 
particulate matter. This particulate matter may be in the 
liquid phase, the solid phase~ or both solid and liquid 
phases. These gas or gas-particle mixtures are generated 
burning either solid or liquid propellants within the 
combustion chambers of the motors. The stagnation 
temperatures and pressures developed in the combustion 
chambers are usually in the ranges 2000-3000 o K and 1-20 
MN/m 2 respectively. For most rocket exhaust gases, the 
value of the gas specific heat ratio, Cp/Cv <i.e. 'gamma'), 
is in the range 1.2 to 1.3. 
Most rocket motors are fitted with axisymmetric convergent-
divergent exhaust nozzles; typical nozzle exit Mach Numbers, 
Me, are in the range 2-5. Usually, in most instances of 
impingement, the exhausts are underexpanded at the nozzle 
e;.: its, (i. e. Fe > Fa). 
Generally, impingement flows formed by rocket exhausts are 
turbulent three-dimensional mixed supersonic-subsonic flows 
which contain embedded intersecting shock waves. Free shear 
layers are formed at the boundaries between the impingement 
flows and the ambient media. and also at the shock 
intersections. These baslc structural characteristics of 
impingement flows are identified in Figure 1.1: this shows a 
schematic of the flowfleld formed by the impingement of an 
underexpanded axisymmetric jet on a planar surface WhICh is 
per pen d i cuI art 0 the Jet a;: 1 san d a Iso c los e tot hen 0:: :: I e 
Irl some instanCE':; 0+ ilnpIngemEO'nt. the embedded shocks 2nd 
she ,3 r- I aye r- sin t e r" act (,oJ i t h the b 0 U n d d r- y 1 a,/ e r for- me don t It e 
sur-face of the obstacle causing ir-r-egular- flow conditions to 
occur- (e.g. '3taqnation bubbles). 
Some impingement flows show significant unsteadiness WhICh 
occur-s in the for-m of oscillations of their- over-all 
str-uctur-es. The fr-equency of these oscillations can r-ange 
fr-om a few Her-tz to appr-oximately 20kHz. When unsteadiness 
occurs, the peak dynamic pressures on the obstacles can 
exceed the time-averaged pr-essures by as much as 50%. 
Unsteadiness is particularly prevalent for- impingement on 
planar- surfaces that are per-pendicular to the jet axes. 
For- many rocket motors~ chemical reactions amongst different 
species of the combustion gases are not completed within the 
combustion chambers, and the reactions continue as the gases 
pass through the nozzles and the impingement flows. At the 
free boundaries of impingement flows, mixing - and possibly 
chemical reaction - occurs between gases in the flows and 
the gases of the ambient media. If the r-ates of any of the 
chemical reactions are compar-able with the time taken for 
the gases to traverse the flows~ then the gases will have 
non-equilibrium chemical compositions. Changes in gas 
composition usually change the effective physical properties 
of the gas (e.g. specific heats~ viscosity)~ thus 
composition changes usually affect the str-uctures of 
impingement flows. 
For multi-phase rocket exhausts~ the solid or liquid 
particles generally have mean maximum dimensions in the 
range o. 1-10~m, and densities that are several orders of 
magnitude gr-eater than the gases. Particles with these 
characteristics cannot follow the very rapld variations ln 
the gas velocities in impingement flows. As a consequence, 
the par-ticles and gas tend not to be in thermal and kinetic 
equilibr-ium: thiS r-esults ln differences between the 
s tr- u c t LI t- e s 0 f gas c"", n d gas - pat tIC 1 p 1 tTl pin gem e n t flo w s . 
1 .3) F'FED I CT I [)I'~ [iF F:;:UC~I:: T E x H~;US T II"1F' I 1\~GEI"1EI~T FL.OWS 
Roc~et exhaust impIngement flows could be classIfIed as 
transient chemically-reactIng multi-phase three-dimenSIonal 
m i ;< e d ':; L.l per son i c - S L.l b so r', i c m L.l I t i - s h 0':": k e oj t u r b u len t flo~." S • 
Rigorous theoretical analYSIS of flows in this class is 
extremely difficult. At the present time~ no general-
purpose theoretical method exists which can be used to 
p r- t~ d i c t, en t ire I 't' f r- 0 m fir 5 t P t- inc i pie s • the gas 0 r gas-
particle properties in impingement flows for arbitarily 
chosen nozzle-and-obstacle configurations. The main reason 
for this is that accurate and reliable computational 
techniques are not yet available to handle, on a routine 
basis, all the different flow phenomena present In typical 
rocket exhaust impingement flows. Many of the computational 
techniques which are required for handling phenomena such as 
mixed supersonic-subsonic flows, unsteady shock-boundary 
layer interactions, etc. are still being researched and 
developed. 
All the purely theoretical methods for modelling impingement 
flows which have been reported to date rely on various 
simplifying assumptions, and are only capable of providing 
flow predictions for physiochemically-stable underexpanded 
gas-only jets impinging on perpendicular flat plates. 
Representative examples of the theoretical methods available 
for modelling complete impingement flowfields are those 
which have been reported by Sinha~ Zakkay & Erdos (Ref. 2) 
and Iwamto & Deckker (Ref. 3) who used finite-difference 
calculation techniques. Other theoreticians have reported 
the use of the method of integral-relations calculation 
technique for modelling the segment of the impingement 
flowfield which is adjacent to the plate surface (e.g. Refs. 
4~ 5). However, these prediction methods are restricted to 
lmpingement situations where the plate is positioned in 
close proximity to the nozzle exit (i.e. comparable to that 
shown 1 rl Fi L]Ure 1. 1): th 1 sis I argel y because the 
cal c 1.1 1 .:\ t 1 () 11 t e c hill que' ~ r ely 0 n t. h e s 1 In P 1 1 f 'lIn gas sum p t lor, 
t h C:\ t the + J () w S d r- (c' 1 n \/ 1 :; C 1 d (0' V t? r-'j' ~.J h E'r e t:'" C to' P t 1 rl 1~ he,; h () C k ~o . 
Al '=,0. for the mE,thod of illt(·(;Jra.l--reldtic'rls calculc.tlon 
t E' (: h n i que the r- C' i s d fl add 1 t ion a 1 1. i mit at 1 0 n ~ t h 1 S met h 0 c1 J S 
only accu~ate when the jets are unlform or weakly 
undet- e;.; panded. NCj theoret i cal methods havE~ been rep or ted. 
so far, for dealing with implngement situatlons involving d 
pe~pendlcular plate which is positioned further away from 
the no Z :: lee:-: i t vJ her e the jet s are 5 u per 5 D n j. can d com p I ~~ tel ',-I 
tur-bu lent. 
Owing to the lack of purely theoretical methods for dealing 
with all the nozzle-and-obstacle configurations likely to 
occu~ in practical impingement situations, it has proved 
necessary to adopt an empirical or semi-empirical approach 
to obtain estimates of impingement effects for design 
purpoSE'S. 
However~ considerations of practicability and cost have 
restricted the amount of experimental work carried out with 
actual rocket motors to provide data for developing 
empirical impingement flow prediction methods. In the case 
of very large motors~ data may have only been obtained by 
making measurements during flight-vehicle operation (e.g. 
Ref s. 1 ~ 6). The number of studies reported which used 
laboratory-scale rocket motors are also few in number (e.g. 
Refs. 7-12). Apart from cost~ the maIn problem is that it 
is difficult to make reliable measurements within 
impingement flows produced by rocket motors because of the 
high temperatures of the exhaust gases or gas-particle 
m i >: t u res ( e . g. see Ref. 1 3) . 
Therefore, to simplify experimental investigations of 
impingement phenomena and minimise costs~ air jets are often 
used to simulate the rocket exhausts. Usually, the air is 
'cold' - that is it has a stagnation temperature equivalent 
to the laboratory ambient temperature as compared with "hot' 
gases from real rocket motors. 
N u en e r- 0 U 5 ~?:: p e. r 11TH:? n t a 1st u cj 1 t? ,=, h a v e b r,:, I'::; n rep or ted ~'J h i c h Ll sed 
cold aIr J·ets .. instead of t I I t h t f ' I dC ua roc~e_ ex aus s~ or 
investigating impingement flows. ThE objectives of the 
studies have been varied; obstacle types invest1gated have 
inc Iud e d p I a n a r sur f aCE S ( e . I'. F':;' =. f c. • 1 4 4 1) j ( :::l ,  - - J., ~ vJ e ( lj e s e . g . 
F: e f ~; . 4 2 - 4 5)., C \/ lin d e r ~:; ( e . '-_'. F' f l t ) d . R f , .", ',(-?. i. o. an cones ~e.g. 'e. 
47) • 
The studies with cold air jets have prov1ded a valuable 
insight into the flow processes occuring in cold jet 
impingement flows. Also, a considerable amount of pressure, 
heat-transfer and flow-visualisation data has been obtained, 
.0\ . 
and th is has been used to develop a vJi de var i et y (emp i r i cal 
and semi-empirical flow prediction methods. 
However, uncertainties persist as to the applicability of 
the empirical flow prediction methods which have been 
developed from cold jet experimental data to practical 
impingement situations involving rocket exhaust jets. This 
is because there are significant physical differences 
between the cold air jets and the hot rocket exhaust jets. 
For example, there is certainly a difference between the 
values of gamma (Cp/Cv) for hot and cold jets~ as well as a 
difference in the densities which results In differences in 
mixing rates; also~ the presence of solid or liquid 
particles may affect the effective gas properties and the 
forces on the obstacles. 
There 1S only one previous study~ by Piesik & Roberts (Ref. 
48), which addresses somewhat indirectly this question of 
the possible differences between hot and cold jet 
impingement flows. Piesik & Roberts correlated experimental 
data obtained from other studies, which used hot and/or cold 
jets~ and developed empirical methods for pred1cting the 
impingement pressures and temperatures on a flat surface. 
This work was restricted in scope. For instance, only 
impingement on perpendicular surfaces was considered~ and 
thE' aut h or s con c 1 Ll de d t hat the i r In e tho d s we reo n 1 y val i d for 
the',! should onlY,· be used for- n~elllmll·nl~t-·,' d· t t r • ,,-, y - E~ 5] .] r I e s 1 mae s . 
cold jet impingement flow phenomena. 
Hunt (Ref. 49) suggested it would be of value to conduct an 
experimental study to determine the differences between hot 
and cold jet impingement flows~ and to develop d correlation 
which would allow cold jet pressure data to be applied with 
confidence to situations involving hot jets. This 
suggestion by Hunt served as the catalyst for the study of 
hot and cold jet impingement flows which is reported in this 
thesis. 
1 • 4 ) 0 H J E C T 1 '.) E () F- r H J~; '; 1 U [) '(' 
The objective of thls study was to measure and correlate the 
pressure distributIons generated on the surface 0+ a tlat 
plate by impInging rocket exhausts and cold jets. 
1 • ~"l ) ~;I r:;: (~ T L U Y lJ F T H 1. S ~;I U l) y 
I n \I i e IrJ 0 + the 0 b J e c t i ve 0 u t lIn f-:? d , I t vJ a s nee e s 5 a r Ito 
devise an appropiate strategy for tackling this study. 
Essentially~ decisIons had to be made on what experImental 
pressure measurements were requIred to provide the data on 
which a correlation could be based. Firstly, thIS Involved 
identifying the salient test parameters, and then assessing 
which were important and which could be ignored or kept 
constant. The results of this assessment were the key 
decisions to: 
use an actual rocket motor for producing the 
experimental hot jets 
use ambient-temperature aIr, or a gas with similiar 
properties to air (e.g. nitrogen), for the cold jet gas 
use exactly the same test geometries for the 
experimentation with both the hot and the cold jets 
operate the hot and cold jets at the same jet pressure 
ratio or ratios (Pc/Pa) 
measure impingement flowfield pressures at discrete 
positions across the surface of a flat plate 
CHAPTER TWO ROCKET MOTOR 
2.1) INTRODUCTION 
When the strategy for this study was devised it was decided that the 
experimental hot jets needed to be produced by an actual rocket motor and 
not simulated by some other method - see Section 1.5. This meant that a 
suitable laboratory-scale rocket motor had to be obtained for use in the 
experimental investigations as there was no motor already available when this 
study began. 
It was decided that the rocket motor needed to be obtained before 
any other aspect of this study was tackled; this approach was adopted 
because most other aspects of this study could not be tackled until the 
characteristics of the motor that was to be used were known. 
The rocket motor that was eventually obtained was a small solld-
propellant motor which was manufactured by P.A. Hilton Ltd. 
The following sections of this chapter describe the design of the 
Hilton motor and the chemistry of its solid propellant, and outline work that 
was conducted to assess the performance of the motor and determine the 
properties of its combustion and exhaust gases. 
2.2) MOTUR DESICf',j 
The Hilton solid propellant rocket motor was desir~ned specifically for 
laboratory studies (i.e. it was not a component of a flight vehicle). The 
propellant was supplied in cartridge form by the manufacturer of the motor. 
A new propellant cartridge was fitted to the motor for each firin..;. 
The external forms of the Hilton motor and a propellant cartridge can 
be seen in the photograph presented as Figure 2.IThe component parts of the 
motor are identfied by the two orthographic scale drawings presented as 
2.·2-
Figure ~; one drawing shows a longitudinal section of the motor and the 
propellant cartridge as fitted for firing, and the other shows an end view of 
the motor looking towards the nozzle. 
As can be seen from Figures2-2 &2~, the main component of the motor 
was a cylindrical tube which formed the combustion chamber. This tube hao 
an internal length of 162.5mm, an inside diameter of 27.6mm, and a wall 
thickness that was approximately 3mm. The tube was closed at one end by 
an exhaust nozzle, and at the other end by a firing-pin-block assembly. The 
nozzle and firing-pin-block assembly were retained in position by two 
identical collars. Internal threads on these collars engaged with external 
threads on the outside of the combustion chamber tube. The firing-pin-bloCk 
assembly and its retaining collar needed to be removed and then replaced 
each time the motor was fitted with a new propellant cartridge. 
The motor was designed to allow operation with nozzles having 
di fferent throat areas; this provided a method of obtaining different 
combustion chamber pressures in the range 3- 7 MN/m 2 • For axisymmetric 
nozzles, the throat diameters could be between approximately 3.0 and 3.6mm. 
(The relationship between the throat area and the chamber pressure will be 
considered in more detail later - see Section 2.4.) 
The motor had a 3mm bore tapping in the wall of the combustion 
chamber tube. A pressure transducer could be connected to this tapping for 
monitoring the combustion chamber pressures. 
The motor also had a 10mm bore port in the wall of the combustion 
chamber tube; this port was closed off with a replacable metal diaphrdl~IT 
that was retained in position by a housint;j with vents. The diaphr<:hirn was 
designed to rupture if the Jas pressure in the combustion chamber exceeded 
the safe maximum of 17.5 MN/m2. 
with the exception of the firing-pin block and the exhaust nozzles, all 
parts of the motor were constructed from steel. The firing-pin block ,',as 
made from Tufnol - a fabric-resin composite material. Tufnol was used for 
this part because the firing pin needed to be electrically isolated from the 
main body of the motor - see below. The exhaust nozzles vVere made from 
brass. The external surfaces of the steel parts and the nozzles were nicr<el 
plated. 
As Figure 2~'shows, the propellant cartridges were cylindrical in shape. 
The external diameter and length of a cartridge were 26mm and 78mm 
respectively. The outer shell of each cartridge consisted of a stiff cardboard 
tube, one end of which was fitted into a brass base, and the other end was 
closed with a thin disc made of transparent plastic. There was a small raised 
rim on the brass base of each cartridge; this secured the cartridge in 
position when it was loaded into the the motor - see Figure 2.. '2. 
Each cartridge contained a main solid propellant grain, housed In the 
tubular cardboard section, and a much smaller ignition charge, located In the 
brass base. Combustion of the main propellant ejrain was initiated by firing 
the ignition charge. 
The ignition charge was fired electrically with a low voltage DC 
supply (e.\j. 12 VDC). This supply needed to be applied between a contact 
point In the centre of the face of the cartridge base, that was insulated 
from the main part of the oase, and any other point on the brass base. Thus, 
when a cartridge was loaded in the motor, the ignition charge was fired by 
connecting the electrical supply oetween the firing pin and the bod) of the 
motor; this formed a circuit through the firin;; pin, the cartridge contact 
point, the ignition charge, the cartridge base and the body of the motor. 
The maIn propellant grain in each cartridge was tubular in shape; the 
length was 60mm, and the external and internal diameters were 20mm and 
3mm respectively. The size of the grain was smaller than the cavity 
available for it in the cardboard section of a cartridge. This arran~ement 
allowed all the surfaces of the ~rain to burn freel y. when combustion of the 
gr din cornmenced, the tJrotecti ve plastic di sc on the end ,1 i the ca rt r id ~;e NJS 
vdiJourised ll') the t,edt. 
,,- -= 
when the motor was operating, the unsecured propellant ,:!ram /vas 
prevented from leaviny the cartridge by a blocking bar inside the combustion 
chamber tube - see Figure 2..:2. 
2.3) CHEMICAL COMPOSITIUN OF THE SOLID PROPELLANT 
The propellant cartridges used with the Hilton rocket motor were 
supplied only by the manufacturer of the motor for whom they vvere 
produced by Imperial Chemical Industries Ltd. 
Two types of propellant cartridge could be supplied; these differed 
only in the composition of the main propellant grain. The two types of 
cartridge were designated as follows: 
TYPE 850 cartridge which was fitted with a Mech 1 propellant grain 
giving a nominal heat release of 3558 Jig (850 cal!g) 
TYPE 670 cartridge which was fitted with a Mech 7 propellant grain 
gi ving a nominal heat release of 2805 JI 9 (670 cal! g) 
The technical reference manual supplied with the Hilton motor (Ref. 




ethy 1 centralite 
di -but y I-phthala te 
potassium nitrate 
mineral jelly 
The only other information given about the propellants in the motor 
manual (Ref. 50) was that the nitroglycerine and nitrocellulose were the 
major constituents, and that the other constituents were additives present 
only in small quantities. 
Information about the percentages of each constituent in the 
propellants proved to be unobtainable; also, the significance of the propellant 
designations Mech 1 and Mech 7 could not be established. 
Although no information could be obtained about the precise 
composition of the solid propellants, it was possible, nevertheless, t 
determine the propellant type classification from the knowledge of the 
constituents noted above. 
Rocket motor solid propellants are often classified as el ther double-
ba se or composite propellants (e.g. see Ref. 51). Classification 1 s determined 
by the main constituents used for a propellant. The main constituents of a 
double-base propellant are always the organic nitrates nitroglycerine and 
ni trocellulose. A composite propellant IS distinguished by the use of 
ammonium perchlorate and polymeric hydrocarbons, such as polyurethane, for 
the main constituents. Consequently, the propellants in the Hilton motor 
ca rtridges were judged to be double -base propellants. 
2.4) MOTOR PERFORMANCE AND OPERATING CHARACTERISTICS 
The only measure of the performance of the Hilton motor that was of 
major interest to this study was the magnitude of the combustion chamber 
pressure. This needed to be known for test planning purposes because the 
intention was to operate the experimental hot and cold jets at the same 
chamber-to-ambient pressure ratios - see Section 1.5. The magnitude of the 
chamber pressure will therefore be considered in more detail below. The 
thrust developed by the motor (approx. 10 Kgf. max.) and other measures of 
its performance (e.g. speci fic impulse) were of no great interest to this 
study and hence these will not be considered. 
The pressure in the combustion chamber of the Hilton motor was 
designed to remain approximately constant when the solid propellant was 
burning - that is, the pressure-time characteristic was designed to be 
approximately neutral rather than significantly re~ressive or progressive. The 
magnitude of the chamoer pressure could be controlled by using exhaust 
nozzles with different throat areas. It was therefore necessary to know the 
relationship between the magnitude of the chamber pressure, Pc, and the 
nozzle throat area, At, for test planning purposes. 
When the motor was obtained, however, there was no information 
available relating Pc and At. Also, the only measurements of the chamber 
pressure that were available were from tests with nozzles which had the 
same throat area, and obviously these could not be used to establish the 
relationship between Pc and At. (The available measurements were in the 
form of a few recordings of the chamber pressure which were presented, as 
illustrative examples, in the technical reference manual for the motor (Ref. 
50); no other measurements of the chamber pressure appeared to have been 
published elsewhere.) 
Initially, to overcome this difficulty, the possibilities of using 
theoretical methods for predicting the relationship between Pc and At were 
investinated. Unfortunately, it was found that the available prediction 
':j >-; 52. 
methods (e.g. see Refs.~~ could not be used in this instance. The main 
problem was with several coefficients in an empirical equation that was used 
for modelliny the combustion of the solid propellant; values for these 
coefficients were not available for the propellants incorporated in the Hilton 
fTlotor cartridges. 
Therefore, as the combustion chamber pressures coulG not oe 
predicted, the only tractable way to determine the variation of Pc Nith At 
was by experiment. Consequently, a series of test firings conducted \<\lith 
di fferent nozzles fitted to the motor and the associated chamber pressures 
measured. These tests will now be outlined as they provide a convenient 
opportunity to comment/.... o~ the operating characteristics of thellotor. 
If Ol'\!r ~(Aa /tfZl.iI 'Ve !J 
The experimental arrangement used for the test firings was as follows. 
The motor was bolted to a bracket which was attached to the steel 
framework of the laboratory fire escape; an outdoor location was used in 
order to avoid polluting the laboratory with the motor exhaust ';jases. The 
combustion chamber pressures were monitored with a piezo-electric pressure 
transducer (AVL 6QP) which was mounted within a water-cooled housing. The 
electrical signals from the transducer were conditioned with a charge 
amplifier (AVL Type T A-liB), and recorded with a UV oscillograph (SE Labs 
Type 3006/DL fitted with a B420 galvanometer). 
Test firings were conducted with convergent axisymmetric nozzles 
fitted to the motor. A total of five nozzles were used, and these had 
exit/throat diameters, De, of 3.0, 3.23, 3.51, 3.63 & 3.74mm. TYPE 670 
propellant cartridges were used for all test firings. It was not possible to 
conduct series of tests with both TYPE 670 & 850 propellant cartridges 
because of cost constraints; (ultimately, TYPE 670 cartridges were also used 
for all subsequent series of tests with the Hilton motor which were 
conducted in the course of this study). 
Observations made during the series of tests were as follows. Each 
time the motor was fired, by completing the electrical ignition circuit, the 
ignition charge In the propellant cartridge was heard to detonate 
immediately; but then a delay of between 1.5 and 2.5 seconds occured before 
combustion of the main propellant grain commenced. Hilton (Ref 50) stated 
that this delay occurred as a consequence of safety considerations in the 
propellant cartridge design. 
Two forms of main propellant grain combustion were heard in the 
course of the test firings; these will be classified here as 'stable' and 
'unstable' combustion. For the stable combustion, the propellant was 
consumed in one sustdined burn of appproximately one second duration .• 'd1en 
l11staole combustion occured, the propellant 'Iv dS consumed by Ulree tl~ . i ve 
discrete LJUrns that \Vt're 100-300 milliseconds in duration c3na sep,Jrateu U\ 
approximately one second intervals. It NoS found that firin:JS Nith tile 
De=3.0, 3.23, 3.51 & 3.63mm nozzles always resulted in stable combustion, 
and that unstable combustion always ocurred when the De=3.74mm nozzle 
was used. 
Visually, the exhaust jets appeared luminous in the vicinity of the 
nozzle exit but black elsewhere; this su;)gested that sicdnificant quantities of 
soot (Le. carbonaceous particulate matter) were present in the exhaust ~ases. 
When the motor was dismantled after each firing, deposits of soot 
were found on the walls of the combustion chamber and the nozzle. The soot 
deposition on the chamber wall was approximately O.5mm thick. This 
deposition was in the form of a finely divided powder and was easily 
removed with a rag. In contrast, the soot deposited on the nozzle wall was 
like a very thin, hard, layer of paint; its removal was only possible with the 
aid of a solvent (e.g. acetone). Attempts were made to determine the 
thickness of the soot deposition at the throat of a nozzle by measuring the 
throat diameters before and after test firings. Although a travelling 
microscope was used for these measurements, no differences in the diameters 
could be detected. 
The measurements of the combustion chamber pressures will now be 
considered. Sample pressure-time recordings from test firings with the 
'2..:3 
De = 3.00, 3.23, 3.51 & 3.63mm nozzles are presented in Figure A; a recording 
from a test with the De=3.74mm nozzle is presented separately in Figure '"2...4-. 
2.3 '2.t;-
It can be seen from Figures A & &. that the variations in the chamber 
pressure with time were significantly different for the stable and unstable 
forms of propellant combustion. When stable propellant combustion occur~L1, 
the chamber pressure first increased rapidly above ambient pressure, then 
remained approximately constant for a time period of between 0.5 and 1.0 
seconds, and then finally decreased rapidly back to ambient pressure. When 
unstable combustion occured, the chamber pressure-time variation was 
characterised by a series of pressure pulses (i.e. rapid increases of the 
chamber pressure above ambient pressure followed by immediate decreases 
back to ambient pressure) which had a pulse-to-pulse time period of 
approxirnately one second. 
Of the two forms of chamber pressure-ti;11e variation .vhich :.~_'r'· 
produced by the Hilton 11<ltI1f, onh thdt associ.ite~l ,\iUl stallie fjfuf,elLirlt 
combustion was considered to be of use for the planned ex~erimentai 
investiljations of rocket exhausts impinginld on a flat plate. The reason for 
this was that there was a much better prospect of making accurate 
measurements of the pressures at the plate surface if the pressure ra tio of 
the exhaust jet remained reasonably constant for a period of time durin,; 
each test rather than if it fluctuated rapidly. Therefore, the pressure-time 
characteristic associated with the unstable form of propellant combustion will 
not be considered further. 
concerning the relationship between the magnitude of the chamber 
pressure attained during stable propellant combustion and the nozzle throat 
-;Z •• ~ 
area: the recordings presented in Figure)) show that when the nozzle throat 
diameter was increased from 3.0 to 3.63mm the mean chamber pressure 
decreased from approximately 6.5 to 3 MN/m 2 • A correlation of these mean 
pressures with the corresponding nozzle throat areas revealed that Pc was 
al most exactly inversely proportional to At. 
2.5) SOLID PROPELLANT COMBUSTION PRODUCTS 
In view of the objective of this study it /Vas Obviously important to have 
information on the chemical and physical properties of the combustion products 
yenera ted by the solid propellant used with the Hilton rocket motor. :~ormally, 
this type of information would be obtained by using theoretical methods to 
anal yse the solid propellant combustion processes; experimental measurements 
might also be made to verify the theoretical predictions. In the case of this 
study, however, it was not possible to analyse the propellant combustion 
processes using theoretical methods; this was because the precise composition of 
the solid propellant was unknown - see Section 2.3. Also, it was only possible to 
measure one property of the combustion products by experiment - this was the 
pressure (see previous section); it was not feasible to attempt to measure other 
properties (e.g. composition, temperature, etc.) because suitable instrumentation 
was not readily available. Therefore, to circumvent these difficulties, it ,vas 
necessary to look elsewhere for information on the solid propellant combustion 
products. In the event, sets of data on the properties of the combustion 
products were obtained from Hilton , ICI and PERME 
and these are reproduced in Tables 1, 2 and 3, respectively. 
On referring to Tables 1, 2 & 3, it will be seen that the sets of data 
provide information on the combustion products generated by the TYPE 670 
propellant and not both the TYPE 670 and TYPE 850 propellants. Cartridges 
containing TYPE SSO propellant were not used with the Hilton motor at any 
stage during this study, and hence the combustion products generated by the 
TYPE 850 propellant were of no interest. 
Each set of data includes information on the chemical composition and 
various physical properties of the gas-phase combustion products in the motor 
combustion chamber and at various locations in different exhaust nozzles; the 
tables do not include any information on solid-phase combustion products (e.g. 
soot) because none was supplied by Hilton, leI or PERME. 
Although it was established that these data were all calculated values 
and not derived from experimental measurements, no information was available 
on how these results were calculated. Therefore their reliability is 
uncertain, especially since as mentioned above apparently no account was 
taken of the influence of solid matter present in the rocket exhaust. This 
would reduce the value of y by a small amount. Thus there will be an 
effective value of Y which differs from the calculated "qas only" value. 
The three sets of data in Tables 1 - 3 show variations in Y of between 
1 ·~6~ and 1 ·29, but of course the different values are given for different 
nozzles and for different locations in a particular nozzle, where different 
temperatures clearly pertain. An unexplained feature of the PERME data is 
that the value of Y goes down from the throat to the nozzle exit. Note that 
leI provided data on the combustion products at two different chamber pressures 
(Tables 2a and 2b), and although PERME also quoted the chamber pressure for 
their data (Table 3), no information on chamber pressure was supplied by Hilton 
in the data of Table 1. However, a comparison of Tables 2a and 2b indicates 
that pressure has a negligible influence on the predicted combustion chamber 
gas compositions and therefore the lack of a value for chamber pressure in 
the Hilton data is not considered to be important. 
The tables show that the major species were predicted to be CO, CO 2 , H2 , 
H20 and N2 • It is only possible to make a direct comparison of the three 
sets of data on the concentration of these species in the combustion chamber 
2.5' 
and this is done in Fig. A. Note that the exhaust gas composition and 
properties change as the gases flow through the nozzle and thus as the 
temperature changes. The effect of temperature on the values of Y for the 2." five species is shown in Fig. ~, and an evaluation of the effect of tempera-
ture on the TYPE 670 propellant gas specific heat ratio as obtained from the 
three sets of gas composition data is shown in Fig. 2.7· 
2.6) CONCLUDING REMARKS 
In summary therefore it is not possible to define accurately the value 
of Y, and therefore to define the true conditions in the exhaust plane of 
the rocket motor nozzle, so it is not possible to use simple one-dimensional 
flow analysis. 
As a result of these considerations, it was decided to use only sonlC 
nozzles so that the exit Mach number was always unity irrespective of the 
exhaust gas composition and therefore of the value of Y. 
CHAPTER THREE PREDICTION OF FREE JET FLOWS 
3. 1) H,JTRIJDUCT I IJ~'J 
Need approximate prediction of differences between hot and 
cold jets to design test rig. 
In general the jet structure is governed by the following 
set of variables: 
nozzle exit mach number 
n 0 z z lee ~< i t ~-..j a I I an 9 I e 
jet pressure ratio 
properties of gases (i.e. gamma etc.) 
But, for this study axisymetric sonlC nozzles were used. 
Therefore: 
nozzle exit mach no=1 always 
nozzle exit wall angle=O always 
This leaves jet pressure ratio and gas properties as key 
variables. 
For a constant gamma gas such as alr the effect of the Jet 
pressure ratio on the jet structure is as sketched In 
F i gur e 3. 1 . 
, 
Essentiallv. for this work we are interested In effect of 
gamma on jet structures i.e. locations of the jet boundary. 
jet shock and mach disk. 
The boundary and jet shock were predicted with d MOe program 
that was already available. 
Mach disk location ~-..jas predicted uSlng do (published) 
empirical correlation. 
-:;. ~ ) 11 E THO D 0 F C H,c) f~: f-"'i C T E f~ 1 '3 T .t C 5 A ~,~ A L r'S I S 
A metl,od of cha.rac:teri sties computer program l'JaS use(1 + or-
do <;:; '=:; e s <::. i n g the i n 'f 1 u e n c t:.=- 0 + I] a IT! IT! a 0 nth e f t'- t:? e jet S t r- u c t L I, r- f? 5 • 
ThE? pr'oqr'am t.hat l-JaS U'5E·d l"JdS coded by GUlTimer (F:ef2~ and 
b::" sed 0 n C1 c z-d c: u 1 ;:3. tiD n <;:, c: h e III e de vis e d tJ Y ~J i eke t. d 1. ( Rei :s ~ . 
The results obtaIned are presented in Figures 3.2 and 
-'. -'. 
Figure 3.2 shows that as the value of gamma decreaSES the 
radial distance of the jet boundary and jet shock from the 
jet centreline increaSE. 
Figure 3.4 shows the predicted variations of key flow 
va.r i a b I e <::: a Ion 9 the jet c en t t- eli ned 0 w n s t rea In 0 f t r, e no:::: 1 e 
exit. Variations of gamma have a significant influence on 
the Mach number distributions, but virtually no effect on 
the stagnation pressure ratio (i.e. pitot pressure). 
---;. ~~,) 1'1PtCH D I S~· L.ClCAT I [)I'~ 
The 1. r-r + 1 u en c: e of q am mao It t h te' Mac h rj 1 ~; k 1. 0 C:1 t i on ~'J a·:::· 
pr-edicted using Lewis and C3.r-lscm',=. (Re·f.5'4) empir-ical 
C 0 r- r- e 1 d t ion • T t-., e t- e s u 1 t -:~ 0 b t. -':i 1 n e Ij a r- E? p r- e s i:? n t e cj 1 n F 1 9 LW e 
3 . 4 t D f~ E't her vH t h the e iTt p 1. r- i c ,:,\ 1 c...:) r- 1'- e 1 d t i em e q U ;3 tiD It • 
I1NfV EP.~:TY 
OF SRI ::TQl 
Essentially it appears that reducIng the value of gamma 
causes the jet to widen and shorten. 
Howe v (? I ~ the mag nit U des D f the C han g e s f CJ r- the jet S D + t h ~ 
pressule ratio considered are small. 
Most interesting and signi~icant result to emerge was that 
the jet centreline pitot pressure distribution between the 
nozzle exit and the first mach disk appears to be virtually 
uninfluenced by changes in gamma; (it is also unaffected by 
changes in the jet pressure ratio~ but this is cannot be 
seen flam the results since only one pressure ratio was 
considered) 
CHAPTER FOUR EXPERIMENTAL TEST RIG 
4. 1) I I'JTRODUCT I ON 
Having obtained and evaluated the Hilton motor. and carried 
out the theoretical studies to predict the likely magnitude 
of the differences between the hot and cold free jets~ it 
was then feasible to tackle the design and construction of 
the test rIg that was to be used for the main program of 
experimental work of this project. The principal aim was to 
obtain pressure data from hot and cold jets impinging on 
perpendicular and inclined flat plates for comparison and 
correlation. A subsidiary aim was to obtain free jet axial 
pitot pressure data for comparison with the theoretical 
predictions. 
At the outset, there did not appear to be any fundamental 
problems that would prevent the acquisition of the required 
cold jet data. However~ for the hot jet impingement testing 
there was some concern about the possible consequences of 
the high levels of soot in the Hilton motor exhaust gases. 
The small size of the exhaust jets meant that the flat plate 
pressure tappings~ and the pitot probes~ would need to have 
extremely small diameters to ensure adequate resolution of 
the rapidly changing pressure distributions which were 
expected. Thus there was a possibility that the soot might 
block the flat plate pressure tappings and the pitot probes. 
Therefore~ it was considered to be essential to demonstrate 
that the soot would not be a problem by verifying that 
sensible impingement and pitot pressures could be measured 
before embarking on the design and construction of the test 
rig for the main program of experimental work. 
A slmple test rig was therefore built for a set of trial 
lmpingement and free jet tests using the HIlton motor only. 
ThIS SImple rig comprised of a space frame which was used to 
retain the motor and eIther a perpendIcular flat plate or a 
pitot probe. The test instrumentation consisted of two 
pressure transducers~ two transducer signal conditloning 
amplifiers~ and a UV oscillograph for slgnal recording. One 
of the transducers was used for monitoring the motor 
combustion chamber pressure~ and the other was connected to 
either a pitot probe or a tapping in the flat plate. USlng 
sonic nozzles~ a set of tests were conducted to monitor the 
pitot pressure on the axis of a free jet~ and the static 
pressure at the surface of the flat plate for an impinglng 
jet. 
The initial trial tests were not encouraging; In nearly 
every case the soot caused either complete or partial 
bloc~~age of the pitot probe or the plate tapping. Also~ on 
some occasions the high temperature and velocity exhaust jet 
destroyed the pitot probes completely. However~ after 
several stages of modifications to the designs of the pitot 
probe and flat plate pressure tapping~ and development of 
the test techniques~ it was found that sensible and 
repeatable pressure measurements could be made despite the 
soot. 
Therefore~ having demonstrated that it was practicable to 
use the Hilton motor for hot jet testing~ it was then 
possible to proceed more confidently with the design and 
construction of the test rig required for the main program 
of experimental work. The following sections of this 
chapter are concerned with the design specification~ general 
arrangement and parts description for the rig that was 
built. 
4.2) DESIGN SPECIFICATION 
The set of general specifications formulated for the overall 
design of the test rig were as follows: 
The same nozzle~ flat plate and pitot probe to be used 
for both hot and cold jet tests to permit direct 
comparison of the pressure data. 
The plate or pitot probe to remain In a fixed position 
relative to the nozzle for the duration of anyone test 
(i.e. static test geometry). 
The range of nozzle-to-plate and nozzle-to-probe 
separation distances to be 0-50 nozzle-exit radii. 
The range of flat plate lnclinations~ relative to the 
jet aXIS, to be 90°-30°. 
The rig to be designed to use the Hilton motor for 
generating the hot jets in the first instance~ and then 
if unforeseen problems occured with the Hilton motor~ 
allow the substitution of a different motor. 
The Hilton motor combustion chamber to act as the 
settling chamber for the cold jet test configurations; 
(the design of the motor was such that this could be 
achieved quite easily). 
The cold jet gas to be either air or some other 
inexpensive, non-hazardous gas having a specific heat 
ratio, Cp/Cv, simi liar to air (e.g. nitrogen) 
The range of cold jet settling chamber pressures to be 
simi liar to the range of Hilton motor combustion 
chamber pressures (i.e. approx. 3-7 MN/m 2 ). 
The operating duration of the cold jet to be SImi 11 iH-
t r g rea t e r t h a fl t h p rj u r ,:l. t 1 0 n Cl f the H lIt 0 n mot 0 r .0. 0 • 
1 sec.). 
The rIg to be designed In a way that would allow 
unobstructed views of the free and ImpingIng jets for 
flow visualisation. 
The rIg to be situated indoors; all the earlier test 
firings of the Hilton motor had been conducted out of 
doors to avoid polluting the laboratory atmosphere with 
the soot laden exhaust gases, but this had proved to be 
inconvenient. 
The same gas pressure monitoring instrumentation and 
data acquisition system to be used for both hot and 
cold jet testing. 
The gas pressures to be monitored with electrical 
pressure transducers, and the transducer signals to be 
recorded in machine readable form to allow direct 
transfer of data to a computer for processing. 
4.3) GENERAL ARRANGEMENT 
The test rIg was located In the Gas Dynamics Laboratory of 
the Department of Aeronautical Engineering at the University 
of Bristol. It consisted of the following major component 
parts: 
universal test stand 
ventilation system 
cold gas supply system 
shadowgraph/schlieren system 
data acquisition system 
The universal test stand was a piece of apparatus which was 
designed to accomodate all the required impingement and free 
jet test configurations using hot and cold jets. The 
function of the ventilation system was to remove the rocket 
motor exhaust gases from the laboratory during hot jet 
tests. Gas supplies for the cold jets were provided by the 
cold gas supply system. If required, flow visualization of 
the cold jets could be accomplished with the 
shadowgraph/schlieren system. A computer-based data 
acquisition system was used to control the rig, and obtain 
and process the required gas pressure data from hot and cold 
jets. 
Figure 4.1 shows a plan view of the layout of these major 
component parts of the test rig in the laboratory. 
The major component parts of the rig will be described 
separately in greater detail in later sections of this 
chapter. Before then~ it will be convenient to examine 
three small important component parts of the rig. These 
parts are the nozzle that was used for producing the jets. 
the pressure tapped flat plate that was used to obtain the 
impingement pressure data~ and the pitot probe assembly that 
was used for pitot pressure measurements in the free jets. 
4.4) NOZZLE 
It was decided that In this study the hot and cold t Je_ 
pressure data would be obtained and compared for Identical 
test geometries - see Section 1.4. 
nozzles were concerned~ the simplest method of achieving 
this aim was to use the same nozzle for producing both the 
hot and the cold jets for any given test geometry. 
In terms of basic design~ the nozzles required for the 
experimental investigation needed to: 
have convergent internal wall profiles 
have axisymmetric internal wall profiles 
have a range of different throat diameters to allow hot 
jets with different pressure ratios to be produced 
permit close range inclined impingement tests to be 
conducted without mechanical interference occuring 
between the plate and either the nozzle or the nozzle 
retaining collar of the motor 
retain the same wall profile after being used for a 
large number of firings with the rocket motor (i.e. 
withstand abalative effects of motor combustion gases) 
The set of convergent nozzles that were supplied with the 
Hilton motor~ and used for the trial test firings~ could not 
meet these requirements for two reasons. Firstly~ the axial 
dimensions of the nozzles were too small to permit the 
required inclined impingement tests to be conducted - see 
F · ., ., Igure .L • .L. Secondly~ the internal walls of the nozzles 
were neither free of major imperfections nor absolutely 
a:-: i symmetr i c. Some of the imperfections were present when 
the nozzles were new~ but most were introduced durIng the 
trial test firings. In thIS respect. the choice of brass 
for the nozzle material seemed inappropl·~tc - - S t 
._. '=. '::>ee ec lon 
'-:'I ~ 
.. :-. '-'. 
Therefore~ a new set of aXIsymmetric convergent nozzles were 
desil;ined and manufactured to satisfy the requirements of 
this study. These nozzles were made from EN 58J stainless 
steel (A lSI 316) and had different exit diameters~ generic 
internal wall profiles~ and the same external forms. 
of the nozzles can be seen in the photograph presented as 
Figure 4.2. 
Ultimately~ only one of the new nozzles was used for 
producing all the hot and cold jets in the main program of 
experimental tests; this was due to limitations in the 
amount of time that was eventually available for testing. A 
dimensioned scale drawing of this particular nozzle is shown 
in Figure 4.3. The mean diameter and Circularity of the 
nozzle exit were determined by examining the end of the 
nozzle at x50 magnification. The mean exit diameter of the 
nozzle was found to be 3.12mm. The deviations of the nozzle 
lip circumference from true circularity were assessed to be 
+/-O.Olmm. 
A three-stage manufacturing process was used to make the new 
nozzles. First~ the external form of a nozzle was turned 
from a piece of EN 58J round bar. Secondly. using a boring 
bar~ the inside of a nozzle was rough machined to within 
approximately O.25mm of the required profile. Finally~ 
electro discharge machining (EDM) was used to produce the 
finished internal profile. A satisfactory internal nozzle 
surface could not be obtained by boring because of excessive 
tool chatter~ hence the use of EDM. Axisymmetric brass 
electrodes were used in the EDM process. The profiles of 
the electrodes were the same as the required nozzle 
profiles~ but the radial dimensions were made O.(I10mm 
sm .. ::\ll er. The electrodes were rotated during the discharge 
machining and this ensured that the final nozzle proflles 
were a;·: 1 symmet ric. A problem that emerged wlth the EDM 
p r- (J C e c: > '0> was poor con t r olD f the a b sol ute mac h i n 1 n g 
t 0 J. ~'? r- an c e s . T his in a d €c:' .i t d iff 1 cuI t top t- ad u c e a no::::: 1 f~ ... n ttl 
an e;< i t d i am e t e r- t hat was e:: act 1 y ass p e c i fie d . For 
e>: amp 1 (~~ t.he final e>: i t diameter of the no:::: 1 e used f Ot- th is 
st.udy vJa~:; 3.12mm. but this had been specified as 3.00mm. 
4.5) FLAT PLATE 
One pressure-tapped flat plate was manufactured for use with 
the test rig. The plate was 150mm square; this Slze was 
considered to be large enough for any flow transltions at 
the plate edges to have a neglible influence on the measured 
pressure distributions. 
The plate was manufactured from a piece of 12mm thic~ mild 
steel plate which had not been subjected to any special 
conditioning or treatment (e.g. surface hardening). The 
faces of the plate were surface ground. 
The plate incorporated fifteen pressure tappings which were 
arranged in a linear array. Each tapping was connected to a 
pressure transducer with a short length of flexible nylon 
tubing; (further details on the transducers will be gIven 
later - see Section 4.11). The middle tapping in the array 
was located at the geometrical centre of the plate. The 
pitch of the tappings was specified to be 3. 175mm. The 
precise distances between the tappings were measured after 
the plate had been manufactured. These measurements were 
made by examining the plate surface at x50 magnification; 
(values for the tapping-to-tapping distances will be given 
later - see Section 5.3). 
Dimensioned orthographic line drawings of the plate and a 
cross-section of a pressure tapping are presented in Figure 
4.4. 
Refering to Figure 4.4 it will be seen that each tapping 
orifice~ in the face of the plate that was exposed to the 
jet~ was O.35mm in diameter. This diameter was used for the 
" I b (-) ~cmm t"'l"st drills were the smallest orifice SImp y ecause -.~~ ~ 
that could be obtained for drilling these holes. Hence~ the 
resolution of the pressure distributions in the impingement 
flowfields was the best that could be obtained. 
The plate was attached to its support structure wIth four 
bolts. These bolts screwed into blInd tapped holes located 
In the rear face of the plate~ that IS the face not exposed 
to the jets. 
4.6) PITOT PROBE 
The pitot pressures In the free jets were monitored with 
disposable probe assemblies. These probes were held in 
position in the jets with a probe holder. Photographs of a 
probe and the holder are presented as Figures 4.5 & 4.6 
respectively. Dimensioned orthographic scale drawings of 
the same items are shown in Figure 4.7. 
The designs of the probe and the probe holder were developed 
in the course of the trial experiments to monitor the pitot 
pressures in the Hilton motor exhaust jet - see Section 4.1. 
In those tests it was found that the small bore pitot probes 
became susceptible to blockage by the soot in the motor 
exhaust if they were used for more than one test firing. 
Using a new probe for each test firing was therefore the 
only way to obtain reliable pressure measurements; hence the 
development of the disposable probe arrangement. 
Refering to the drawings in Figure 4.7 the important 
features to note about the designs of the probe and holder 
are as follows. Firstly~ the temperature sensitive parts of 
the probe assembly (i.e solder joints and nylon tube 
connection to the pressure transducer) were shielded from 
the rocket exhaust jet by the holder. Secondly~ the 
stainless steel tube part of the probe assembly was fitted 
tightly in the conical cap of the holder; this was designed 
to minimise any oscillation of the probe tip when monitoring 
pressures in the jets. Finally~ the base plate of the probe 
holder had the same dimensions as the pressure tapped flat 
plate; this allowed the use of a common support structure 
for the probe holder and flat plate. 
4. "1) UN I VERSAL TEST STAI'JD 
The universal test stand was a piece of apparatus that was 
designed to accomodate all the required experimental test 
configurations with free and impinging~ hot and cold jets. 
In this arrangement~ the rocket motor combustion chamber 
acted as the cold jet settling chamber. and the flat plate 
and pitot probe holder shared the same mounting. This 
allowed different test configurations to be set eaSIly 
without major rearrangement of the rig hardware and pressure 
monitoring instrumentation. 
The test stand consisted of a substantial chassis which 
supported separate mounting modules for the rocket 
motor/cold jet settling chamber~ and the flat plate/pitot 
probe holder. These modules can be seen in Figure 4.8 which 
shows a photograph of the test stand configured for a cold 
jet impingement test with an inclined plate. An annotated 
scale drawing of the same test stand configuration is 
presented as Figure 4.9. 
The motor and plate mounting modules could be bolted at 
several discrete positions on the top of the chassis~ and 
this allowed coarse adjustment of the nozzle-to-plate 
separation distance. Fine adjustment of the position of the 
nozzle in the horizontal plane was achieved by operating the 
two-axis machine table incorporated into the rocket motor 
mounting module. The vertical position of the rocket motor 
was fixed~ and the axis of the exhaust nozzle was O.72m 
above floor level. 
The flat plate mounting module incorporated a hinged 
traversing assembly; this allowed the plate to be set at 
inclinations between 0° and 90° relative to the nozzle aXlS 
(i.e. projected nozzle axis). The axis of rotation of the 
hinge was horizontal. but offset from the plate surface: 
consequently the point of intersectIon of the nozzle axis 
with the plate surface changed when the plate InclInatIon 
W,:l.S ch anged. AIll~nment. or r-e-cd 1 qnment. of the no:: I e ,~:: 1 s 
f 
WIt h <::t. S p e c i fie po J n ton t h f~ P I ate, ( t::' • g. the p t- e s s u t- E':' 
tapping at the plate centre), was achieved by adjusting the 
vertical position of the hInge assembly. Photographs of the 
plate traversing assembly can be seen In Figure 4.10. The 
d r- a win g sin Fig u r e 4. 1 1 s h CJ w the po SIt ion S 0 f the p I ate 
traversing mechanism for three different plate InclInatIons 
and the nozzle axis aligned with the plate centre. 
Figure 4.12 1S a scale drawing of the test stand configured 
for a test to measure the pitot pressure in the rocket motor 
exhaust. When hot jet tests were conducted~ the final 
segment of the cold gas supply pipe was removed from the 
test stand. as shown in Figure 4.12. The orientation of the 
pitot probe holder shown in Figure 4.12 was also used for 
cold jet pitot tests. 
4.8) VENTILATION SYSTEM 
Visually. the exhaust from the Hilton motor appeared as 
black smo~~e; this was due to the soot particles in the 
combustion gases. The volume of smoke generated during a 
single firing of the motor was too great for it to be 
discharged into the laboratory where the test rig was 
situated. ThereforE~ the test rig needed a ventilation 
system that would capture the rocket exhaust~ and convey it 
to the atmosphere outside the laboratory. 
The ventilation system that was designed and built can be 
seen in two photographs presented as Figure 4.13; the flow 
direction and component parts of the system are identified 
in Figure 4.1. It can been seen from these figures that the 
system consisted of a fan unit and sections of ducting~ and 
that it had two modes of operation. During a hot jet test~ 
the rocket exhaust was captured by the section of ducting 
placed around the universal test stand. This section of 
ducting was removed between tests to allow the test stand to 
be configured or adjusted. All the other sections of 
ducting were permanently fixed in position. 
The ventilation system was designed so that its volumetric 
flow rate was slightly greater than the volumetric flow rate 
of the fully expanded rocket exhaust gases. Thus only a 
small amount of air was drawn around the universal test 
stand whilst the rocket motor was operating. The velocity 
of the airstream was kept low (estimated to be in the order 
of 1-2 m/sec) by making the cross-sectional area of the duct 
around the test stand large: thus this ensured that the 
ventilation system had a neglible influence of the 
impingement and free jet flowfields. 
4.9) COLD JET GAS SUPPLY SYSTEM 
It was decided that for this study the impingement and free 
jet pressure data would be obtained using hot and cold jets 
which had the same pressure ratios - see SectIon 1.4. 
Therefore, a cold jet gas supply system was required for 
delivering gas, to the cold jet settling chamber, at a range 
of stagnation pressures similiar to the range of pressures 
that could be developed by burning solid propellants in the 
Hilton rocket motor combustion chamber, that is 
approximately 3-7 MN/m 2 • 
The source of gas was the first issue which had to be 
considered when devising the supply system. The e}:isting 
compressed air supply facilty in the laboratory was. 
unfortunately, only capable of delivering air at a maXImum 
pressure of 2.75 MN/m 2 • Another source of gas therefore had 
to be found. Eventually, it was decided that the supply 
would be obtained from cylinders of commercially available 
compressed nitrogen gas (BOe N~ with O~ removed) that were 
filled to an initial pressure of 17.75 MN/m 2 • It was 
estimated that with one of these cylinders of nitrogen. a 20 
second duration cold jet could be produced at the maximum 
pressure ratio required (i.e. worst case duration). 
Although the compressed air supply facility mentioned above 
was not able to deliver air at the required pressures, it 
could in principal deliver an almost continuous supply of 
alr, at pressures up to 2.75 MN/m2, through the size of 
nozzles being used for this study. The continuous nature of 
this supply offered an easy way of checking that the rig was 
functioning correctly before conducting short duration tests 
wi th the ni trogen gas and the rocket motor. It was 
therefore decided that the cold gas supply system would be 
designed so that jets could be generated with either the 
compressed air or the nitrogen. 
A schematic diagram of the cold Jet gas supply system that 
was deSIgned and built IS pr-esented as FlyUre -1.14. The 
system utilised four cyllnder-5 of nItrogen. ThIS number ot 
cylinders was calculated to be the mInImum necessary to 
deliver the required amount of gas without unacceptable 
pressure losses occuring in the cylinder outlet valves. The 
air supply was obtained from the compressed air main that 
terminated in the vicinity of the rIg. Since the aIr maIn 
was contaminated with particulate matter~ the aIr was drawn 
through an in-line filter (Micro-Filtrex MFL-3-2). 
The nitrogen or aIr were selected as the cold jet gas by 
means of manually-operated interlocking stop valves 
(Dynaquip VC8PCOF)~ as shown in Figure 4.14. These valves 
permitted either the nitrogen supply or the air supply~ but 
not both, to be connected to the rest of the cold jet supply 
system. The arrangement of the interlocking valves was 
designed so that it was impossible to connect the two 
sources of gas together. 
The selected gas passed through a manually-adjustable 
pressure regulator 
flow-control valve 
(Hale Hamilton G20) and a fast-acting 
(Hale Hamilton QA1) before it reached the 
cold jet settling chamber. The bore of the interconnecting 
piping was 10mm (Ermeto 02/524/01). The flow-control valve 
was essentially a stop valve that was used to switch the 
cold jet gas supply on and off quickly. Before operating 
the flow-control valve, the required se~tling chamber 
pressure was preset by adjusting the regulator outlet 
pressure. In practice, the regulator output pressure needed 
to be set to a higher value than the required settling 
chamber pressure; this was necessary to compensate for 
frictional pressure losses that occured in the flow-control 
valve and connecting piping. The correlation between the 
regulator outlet pressure~ obtained with the flow-control 
valve closed, and the settling chamber pressure. obtained 
when the flow-control valve was fully open. was determIned 
by experiment. 
Visual Indication of the regulator Inlet and outlet 
pressures was prOVIded by dial-t\pe pressur~ I~auges 
(Budenberg Standa~L-j T"est Ga , I ". _ :J U q e c;;, • The gauges were isolated. 
after adjustment of the regulator. by clOSIng the stop 
valves in their connecting plpes; this prevented pressure 
transients~ caused by flow-control valve operation~ from 
damaging the delIcate bourdon tube mechanisms in the gauges. 
The flow-control valve was actuated by a pneumatic ram 
(Schrader 350-12010-25). A photograph and schematic diagram 
of the ram and valve assembly are presented as Figure 4.15. 
Control of the ram was performed by the system that is 
illustrated schematically In Figure 4.16. Regulated low 
pressure air was supplied to and released from the ram by a 
solenoid actuated spool valve (Schrader 53013TA-12V). The 
energising current for the spool valve solenoid was switched 
on and off by the same microcomputer system that was used 
for data acquisition - see Section 4.11; this allowed jet 
control and data acquisition to be synchronised. 
Figure 4.15 shows that a rubber damper was positioned 
between the shaft of the pneumatic ram and the shaft of the 
flow-control valve. The flow-control valve could be 
operated either with or without this damper. Without the 
damper~ the flow-control valve was always opened completely 
by the ram; thus~ this produced a constant settling chamber 
pressure. With the damper~ the flow-control valve would be 
opened completely the instant ram was pressurised~ but 
thereafter the flow-control valve would gradually close with 
the ram still pressurised; the settling chamber pressure 
therefore decreased gradually from a peak initial value. 
This effect occured because the rubber damper was VlSCO-
elastic. The rate of change of the chamber pressure 
depended on the thickness and hardness of the block of 
rubber used for the damper. The benefit of the changlng 
chamber pressure was that it allowed quasi-steady pressure 
data to be obtained for a range of jet pressure ratlos 
during a single test run. 
Th~ pressure gauges and most of the valves of the cold Jet 
supply system were mounted on a control panel. The ban~ of 
nitr-ogen cylinder-s wer-(~ held In .3 r-acf that was located ne:-:t 
to the contr-ol panel. A photograph of the contr-ol panel and 
the cylinder rack is presented as Figur-e 4.17. The pipeline 
connecting the flow-control valve to the settling chamber 
incor-por-ated a flexible segment of pIpe (HIFLEX HI-98)~ this 
can be seen in Figures 4.8 & 4.9. 
It was decided that the body of the Hilton motor would 
function as the cold jet settling chamber-; this was to 
ensure that the chamber- flow conditions were similiar for 
the hot and cold jets. When the motor- was configur-ed as a 
settling chamber-~ the firing pin block - see Figure 2.2 -
was removed and replaced with aninlet diffuser for the cold 
gas supply. The diffuser- was conical and had a half-angle 
of 30 0 • 
chamber. 
No flow stabilisation gauzes wer-e used in the 
, 
4. leI) SHADOWGRAPH AND SCHLIEREN SYSTEM 
A system for shadowgraph and schlieren flow VisualIsatIon 
was available when this study commenced; originally~ this 
system had been designed and used by Carling (Ref.31) for an 
It was earlier study of air jet impingement at Bristol. 
considered that this system would be of Ilse when 
investigating the cold jet flows in the present study; 
therefore the test rig was designed In a way which allowed 
it to be utilised. 
The system was a conventional single-pass arrangement which 
used a pair of concave mirrors rather than lenses. The 
components of the system were built into~ or supported by~ a 
set of five free-standing units. 
designated as follows: 
source light train unit 
primary mirror unit 
secondary mirror unit 
camera/screen unit 
These units were 
knife edge cut-off unit (schlieren only) 
With the system configured for shadowgraph flow 
visualisation photography~ the positions of the relevant 
units in relation to the other parts of the test rig would 
be as shown in Figures 4.1 & 4.18. A schematic diagram of 
the system is presented as Figure 4.19. 
4.11) DATA ACQUISITION SYSTEM 
A distributed computer system was used to obtain and process 
the required experimental pressure data. This system IS 
shown in schematic form in Figure 4.20. Essentially~ the 
system consisted of two computers that were linked together 
for interactive transaction processing and data file 
transfer through an automatic computer communications 
e:-: change. One of the computers~ a microcomputer~ was 
located in the laboratory along with the other parts of the 
test rig; the second computer was a multi-user minicomputer 
that was situated in another part of the building. During a 
test~ the microcomputer controlled the test rig when 
appropriate~ and obtained the experimental pressure data. 
After a test~ the data were transmitted from the 
microcomputer to the minicomputer. The minicomputer was 
used for processing the test data~ and producing hardcopy 
test results in graphical formats. 
The laboratory based part of the system shown In Figure 4.20 
- the part used for rig control and data acquisition - was 
specifically configured for this study and will be described 
in more detail below. The other parts of the system were 
already installed and therefore these will not be described 
further. 
A photograph of the laboratory based rIg control and data 
acquisition system~ and a schematic diagram identifying the 
components of the system visible in the photograph~ are 
presented as Figure 4.21. The positions of the components 
of the system in the laboratory are shown in Figure 4.1. 
The microcomputer (Cromemco Z2D) was the main component of 
the rig control and data acquisition system. This 
incorporated a microprocessor (Zilog Z80A). 64 kbytes of 
semiconductor memory. two 171 kbyte floppy disk drives, 
three serial data ports~ a parallel data port~ 16 analogue-
to-digital input channels~ and two digital-to-analogue 
o Ll t put c han n f? 1 ,; . (Note that 1 [byte = 1(C4 bytes). A 
schematic diagram. presented as Figure 4.22. Illustrates the 
internal configuration of the microcomputer and also 
indicates how it was connected to the other components of 
the system. 
The microcomputer was programmed to respond to a set of 
commands which were entered on the keyboard of the VDU 
(Televideo 920) connected to one of the serial data ports. 
The VDU also received and displayed status information from 
the microcomputer. Details of the programs used with the 
microcomputer will be covered in the next section of this 
chapter. 
When cold jet tests were conducted~ the microcomputer 
switched the cold jet gas supply on and off by controlling 
the electrical current to the solenoid spool valve of the 
cold jet gas supply system - see Figure 4.16. Control was 
effected through a solenoid drive interface; this purpose-
built unit was connected between the microcomputer parallel 
data port and the spool valve. The interface enabled a 
logic signal (i. e. a TTL signal) ~ sent from the 
microcomputer port~ to switch the heavier current required 
to actuate the spool valve. Details of the interface 
circuit are shown in Figure 4.23. 
A multi-channel pressure monitoring subsystem was connected 
to the microcomputer; this was used to obtain the 
experimental pressure data. Essentially~ this subsystem 
consisted of 16 pressure transducers and a 16-channel 
differential amplifier unit. The electrical signals 
generated by the transducers were amplified and fed into the 
16 analogue input channels of the microcomputer. During a 
test. the microcomputer performed real-time digitisation of 
the analogue signals and stored the resulting data values in 
its semiconductor memory. The components of the pressure 
monitoring subsystem will now be examined In more detail. 
The pressure transducers were conflgured differently for the 
d 1 f fer 1-: n tty pt.? sot t est . The con fig Ll rat 1 0 nus e d f (J r- h n t Jet 
Impingemf!nt tests IS <:;hown In <.:;chematlc form If") FIQUt-e 4. ':"".'t. 
The transducer WhICh was connected to the rocket motor 
combustion chamber had a pressure range of 0-13.8 MN/m l and 
was man u f act u red b y F'r e cis Eo' Sen so r sIn c . ( t Y pen 0 . 1 1 1 -:2 -
200(l-G-34-10P). The pressure sensing element of this 
particular transducer was watercooled. The other fifteen 
transducers - connected to the flat plate tappings - were 
manufactured by Microgage Inc. (type no. P102-1000-G); these 
were all rated for a pressure range of 0-6.9 MN/ml. The 
same arrangement of transducers was used for cold jet 
impingement tests when the Hilton motor served as the cold 
jet settling chamber. 
When tests were conducted to monitor the pitot pressures in 
free jets, only two of the transducers were used. For these 
tests, the Precise Sensors transducer was connected to the 
tapping in the combustion chamber of the rocket motor and 
one of the Microgage transducers was connected to the pitot 
probe; the other 14 Microgage transducers were not used. 
This configuration of the transducers was used for both the 
hot and the cold free jet tests. 
All the pressure transducers were mounted on the universal 
test stand; the positions are identified in Figures 4.9 & 
4.12. These figures also show the cooling water pipes that 
were connected to the Precise Sensors transducer. The 
cooling water was drawn directly from the mains supply In 
the laboratory. 
Information on the the cavity volumes of the pressure 
transducers, and the geometries of the associated connecting 
tubes, can be found in Figure 4.25. 
All the pressure transducers were strain gauge type 
transducers <i.e. variable resistance type). Each 
transducer incorporated four strain gauges which were 
connected together as a conventional four-arm bridge 
circuit. The electrical cable from each transducer brIdge 
cor I t a i ned two pow e t .::~ n d t ~." 0 S 1 g n <~ 1 1 e ads: the s e ~-.J ere p 1 Lt q g, ' 
1 n t Ci t h f? d. IT! P 1 1 fie, un It. All the t ,. an s due e r b rId g e s I-'J ere 
p () W E? r- e d fro m the sam e 1 (> V () ltD C P (J W e r -::; u p ply un it; t t; i s 
supply unit was connected to the amplifier unit a~ shown 
Figure 4.24. The amplifier unit also included separate 
ba.lance (i.e. null adjust) and shunt calIbration CIrcuits 
f or- each tr ansducet- b, i dge. 
In 
The same wiring arrangement was used for all transducer 
bridge, balance, and shunt circuits; this arrangement can be 
seen In the schematic circuit diagram presented as Figure 
4.26. The values of resistances Rt, Rb, and Rs are omitted 
from Figure 4.26 because they were different for each 
trc~nsducer . The nominal values of the bridge resistances, 
Rt, were 320 and 450 Ohms for the Precise Sensors and the 
Microgage transducers respectively. The resistance in the 
balance circuit. Rb, was chosen to suit the initial amount 
of unbalance in the transducer bridge. The shunt 
resistance, Rs, was selected when the transducer was 
calibrated by application of known pressures. 
The amplitudes of the electrical signals generated by the 
transducers were too small to be fed straight to the 
analogue input channels of the microcomputer; hence the need 
for the amplifiers. The 16-channel amplifier unit was 
specifically designed and built for this study. Each 
amplifier channel incorporated three operational amplifier 
integrated circuits which were arranged in a differential 
input single-ended output configuration. A simplified 
schematic diagram of an amplifier circuit is shown in Figure 
4.27. 
The 16-channel analogue input circuitry In the microcomputer 
was based on a multi-function integrated circuit (Burr Brown 
SDM-856-KG). This integrated circuit incorporated a 16-to-l 
multiplexer (MUX), a sample-and-hold unit (S&H) with an 
aperture time of 100 nanoseconds, and an analogue-to-digital 
converter (ADC) with a resolution of 12 bits. The input 
signals were scanned sequentially by the MUX and fed to the 
!3,~+-i. WhlCh sampled the voltages of the slynals. and fed 
the~:;e to thE' ADL:. The ADC conver-ted the sampled voltages 
into 12-bit digital values. The operation of thIS 
integrated circuit was controlled by instructions sent from 
the mlcroprocessor~ which also read the data values from the 
ADC and stored them in the semiconductor memory of the 
microcomputer. The time required to address a specific 
input channel~ convert the sampled input voltage to a 
digital value~ and store the value In memory was 61 ~s. 
Therefore~ a scan of all 16 channels required a time of 976 
ps ( . ,1 • e. 16:< 61 j..Is); when fewer channels were scanned~ the 
time was proportionally reduced. A scan cycle was 
inititated when the microprocessor received an interupt from 
a hardware interval timer (i.e. real-time clock) which was 
incorporated in the microcomputer. This programmable timer 
generated interupts at regular intervals~ and thus 
functioned as the master time-base for the data acquisition 
process. The interupt time interval was programmed in units 
of 1 millisecond; the shortest and longest intervals were 2 
and 32767 milliseconds respectively. Thus the maximum rate 
at which data could be obtained and stored was 500 
values/channel/second (i.e. a total of 500~ 1000~ 8000 
values/sec from 1~2~ 16 channels respectively). 
Of the 64 kbytes of semiconductor memory in the 
mi crocomputer ~ 19 kbytes were used for code storage (i. e. 
microprocessor instructions); this left 45 kbytes for data 
storage. Two bytes of memory were used for storing each 
data value generated by the ADC. Therefore~ the upper limit 
to the total number of data values that could be stored in 
the course of one test was 23040 (i.e. 1024 x 45/2). Thus~ 
when 16 analogue input channels were in use~ 1440 data 
values (i.e. 23040/16) could be stored per channel; when 
fewer channels were used, the number of data values that 
could be stored per channel was proportionately greater. 
As indicated In Figure 4.22~ the two digital-to-analogue 
output channels of the microcomputer were connected to the X 
and Y Inputs of an oscilloscope (Advance 05-40(0): thls 
os c I 1 1 os cop e waf; fIt ted wit has tan dar d s h 0 r t - per- s 1st f? net' 
ph()spho~ CRT. Each analogue output channel was based on a 
12-bit dlgital to analogue converter (DAC) integrated 
cir-cui t (Burr Brown DAC-80-CBI-\..'). When required. the DAC's 
repeatedly converted specified sequences of digital values 
into analogue signals~ and these were displayed as a trace 
on the oscilloscope screen. Thus this arrangement 
functioned as a refreshed vector graphics display. The 
vector plotting rate was approximately 20000 vectors/sec. A 
maximum of 512 vectors could be displayed simultaneously. 
This graphics display was used for monitoring the data 
values obtained from the ADC. 
After conducting a test~ satisfactory data were transfered 
from the microcomputer semiconductor memory to a floppy disk 
(i.e. removable magnetic media used in the microcomputer 
disk drives for program and data storage). The data were 
converted to ASCII (American Standard Code for Information 
Interchange) format as they were transfered from memory to 
disk. In ASCII format, each data value required 5 bytes of 
disk storage. The capacity of a disk was 171 kbytes; thus 
it was possible to store the data from more than one test on 
a single disk. The test data needed to be temporarily 
stored on floppy disk, in a sequential-access ASCII data 
file, before it could be transfered to the minicomputer for 
processing. 
Data files were transfered to the minicomputer through the 
PACX, as shown in Figure 4.20. One of the microcomputer 
serial ports was connected to the PACX for this purpose 
F " 4 ,....,,...., see 19ure .LL. Once communications were established 
between the two computers, the PACX was effectively 
transparent to the flow of data. 
was approximately 120 bytes/sec. 
The data transmission rate 
4.12) MICROCOMPUTER SOFTWARE 
Applications software was required for the mIcrocomputer 
(Cromemco l20) which would first capture the experimental 
pressure data and then transfer it to the minicomputer (GEC 
4090). This software requirement was met by two programs. 
One program was used for data capture~ and the other for 
data file transfer. The data capture program (DCP) was 
written specifically for this study~ the data file transfer 
program (FTP) was already available. Both programs operated 
in conjunction with~ but not concurrently with~ the 
microcomputer operating system (Cromemco Disk Operating 
System - COOS). 
The DCP was an interactive command-driven program which 
provided the following facilities: 
1 to 16 active analogue input channels 
real-time textual display of data without capture 
real-time graphical display of data without capture 
capture of zero-offset signal datasets 
capture of calibration signal datasets 
capture of transient signal datasets 
variable data capture rates 
conditional software triggering for data capture 
variable amounts of pretrigger for transient datasets 
selective graphical display of captured datasets 
storage of captured datasets on floppy disk 
retrieval of datasets from floppy disk (for display) 
configurable rlg control sequences 
synchronised rig control and data capture 
The DCP was written in l80 assembly language (Cromemco lSO 
Macro Assembler). It was necessary to use assembly language 
In order to obtain an acceptable program execution rate; 
higher level languages~ such as FORTRAN~ would have been too 
slow. 
irlput-uutput subp~og~am; thls subprog~dm could also t~ans+er 
a data file bac~. into the mic~ocompute~ semiconducto~ 
memory~ and this allowed the graphical dlsplay of p~eYlously 
captu~ed datasets. 
The mi Ct-ocompute~ i ncorpo~ ated a tota I of 64 kbytes of 
semiconducto~ memo~y. When the assembled DCP object code 
was loaded into the mic~ocomputer fo~ execution it occupied 
approximately 8 kbytes of the available memo~y. It was 
necessary for COOS to be co-resident in memory du~ing DCP 
e:-~ e cut ion. CDOS required 11 kbytes of memory, and therefo~e 
45 kbytes were left for data storage. The enti~e 45 kbyte 
data sto~age space was utilised by the DCP. The DCP 
segmented the data space into fou~ ya~iable-sized regions. 
One region was used as prog~am wo~k-space; the othe~s we~e 
used for storing the zero-offset~ calibration~ and t~ansient 
signal datasets. Memory allocation maps fo~ the system and 
DCP address spaces a~e shown in Figure 4.29. 
Simplified flow charts for each of the SIX DCP code modules 
are presented as Figures 4.30 to 4.35. 
The file transfer p~ogram (FTP) will now be conside~ed. 
This program was obtained from the Rutherfo~d and Appleton 
Laboratory The FTP was designed to communicate 
with a simi liar program which operated on the minicomputer. 
When the FTP was operated~ the data in a specified file on a 
microcomputer disk was transmitted and copied to an 
equivalent file on one of the minicomputer disks. 
The FTP used an asynch~onous block-orientated communications 
protocol. 
procedu~e. 
This protocol incorporated an er~or detection 
Some types of errors were corrected 
automatically and this allowed the file transmission to 
continue~ others terminated the communications p~ocess. For 
I l·f an error was detected in a transmitted data e:: amp e ~ 
bloc~:~ then the block was retransmitted; if too many 
attempts were made to retransmit the same bloc~. a llne 
f d U 1 t blc:.~ S (:~ S sum f? dan d the F T F' t e r mIn ate d . 
The DCF~' sour-ce code c()nslsted 0+ appro;; i mc::~tt::d ,/-~(.)f 1(.1 a-'=>semb 1 'r' 
language st a temen t s. The code was s tr-uc tured a.s s I:: 
modules; these modules were designated as follows: 
maIn prCJgr--am 
configuration subprogram 
zero and calibration subprogram 
transient signal capture and rig contr--ol subprogram 
graphics display subprogram 
disk input-output subprogram 
When the DCP began operating~ the maIn program assigned 
default values to the program variables~ and then entered a 
command interpretation mode whilst waiting for commands to 
be typed on the VDU keyboard. One command caused the 
program to terminate: others allowed random selection of the 
facilities provided by the subprograms. The subprograms 
requested or allowed subsidiary commands to be typed on the 
VDU. Main program command interpretation mode was regained 
when execution of the subprograms terminated. The operating 
inter-relationship between the main program and the 
subprograms is illustrated schematically by the state 
transition diagram shown as Figure 4.28. For completeness~ 
this diagram also indicates state transitions from system 
reset. 
The configuration subprogram allowed the default values of 
the program variables to be altered (e.g. number of analogue 
input channels~ data capture rate~ rig control sequences. 
etc.). The zero and calibration subprogram provided the 
real-time displays of the data obtained from the analogue 
input channels~ and captured the zero-offset and calIbration 
signal datasets. Concurrent rig control and capture of 
transient signal datasets were achieved by the rig control 
and transient signal capture subprogram. The graphics 
display subprogram allowed display of one channel of 
captured transient signal data at one time~ and provIded 
lncremental pan and ~oom facilities. The captured datasets 
and pr-oqr ,.:un var lcC\bles were filed on floppy dis~ b'. the dlS~ 
CHAPTER FIVE EXPERIMENTAL PROCEDURES 
5. 1) I NT~:ODUCT I UN 
The experimental rig described in the previous chapter 
utilised for series of tests with rocket~ nitrogen and 
jets. Essentially~ the tests involved the measurement of 
pitot pressures in the free jets~ the measurement of flat 
plate pressure distributions for impinging jets~ and some 
complementary flow visualisation photography. 
The tests with the rocket and nitrogen jets were conducted 
to provide the hot and cold jet pressure data which were 
required for comparison and possible correlation. 
Originally, the intention had been to use the air jets only 
for verifying that the experimental rig was functioning 
correctly before conducting tests with the short-duration 
rocket and nitrogen jets. Subsequently, however, the 
original study objective was revised to include the 
systematic acquisition of air jet pressure data~ prior to 
conducting the tests with the rocket and nitrogen jets. 
Significant trends were perceivable in the air jet data~ and 
these allowed a refinement of the test strategy with the 
rocket and nitrogen jets. This approach to the experimental 
investigation enabled more cost-effective utilisation of the 
limited quantities of rocket propellant and nitrogen gas 
that were available for this study. 
The following sections of this chapter document the test 
configurations that were investigated~ describe various 
aspects of the test rig operation~ explain the procedures 
that were used to obtain and process the experimental 
pressure data~ and outline the flow visualisation 
techniques. 
5.2) FREE JET TEST CONFIGURAl IONS 
Tests were conducted to measure pitot pressures at positions 
along the centrelines of the free air~ nitrogen~ and rocket 
jets. The salient geometrical variables associated with 
these tests are identified in the schematic diagram 
presented as Figure 5.1. All the jets were produced by the 
convergent nozzle with a 3.12mm diameter throat (Re=1.56mm) 
- see Figure 4.3. The non-dimensional nozzle-to-probe 
separation distances~ Zpt/Re~ for the tests were as shawn in 
Table 4. 
Impingement tests were conducted with the aIr. nltrot_-'en. 
"=' .=..ncj 
rocket jets. The salient geometrical varIables assocIated 
wi th these tE-st 5 ar-E- i dent i + i ed in the schemcClt i c d I agt- am 
presented as Figure 5.1. All the jets were produced by the 
convergent nozzle with a 3.12mm diameter throat. The non-
dimensional nozzle-to-plate separation distances~ Zp/Re. ~nd 
plate angles~ e~ for the tests were as shown in Table 5. 
All the impingement tests were conducted with the nozzle 
axis intersecting the line Joining the linear array of plate 
pressure tappings. Also~ for all tests~ the plate was 
orientated so that the line of tappings was perpendicular to 
the axis of the hinge of the plate traversing assembly. 
(i.e. when 9=90o~ the line of tappings was vertical and not 
horizontal). 
The pitch of the array of the fifteen plate pressure 
tappings (nominally 3. 125mm) was too large to provide 
satisfactory resolution of the variations of the impingement 
flowfield pressure distributions across the plate surface. 
Therefore, to improve the resolution~ multiple tests were 
conducted for each nozzle/plate configuration with the plate 
displaced to different positions in its own plane. The 
displacements were fractions of the tapping pitch in a 
direction parallel to the line of the tappings. Initially. 
three tests were conducted, for each nozzle/plate 
configuration, to give a combined total of 45 measurement 
locations. For the first test~ the plate was positIoned so 
that the pressure tapping at the middle of the array was In 
line with the nozzle axis. For the second and third tests. 
the pIa t e was po sit ion e d sot hat the no z z I e a:-: i sin t e r sec ted 
the plate surface at distances of 1.0 and 2.0mm from the 
middle tapping respectively. When severe gradIents were 
observed in the pressure distributions, a further three 
tests were conducted t.o glve a comblned total of 9U 
measurement locations- For these three additional tests. 
th!.- plate WdS P(I':ltlDlled ':.0 that the no::le ,~lS Inb::-r',t-cted 
thf:' 1::',),:,·1 t ·;Ut-fEICE' dt dl,,:;tdnCE\<:'~ (:It 0.5. 1.5 ~I :::::.Smill tr-Ofll tht:-:> 
iii i c1 d 1 E L:<. p pin q " e ~::; p E? C t i v E:> I ',' . Tab I e 6 9 1 '., est h p pre CIS e 
locatIons of the tappings - relative to th~ point of 
intersection between the nozzle aXIS and the plate surface 
f () r- t. h E? S i >: p 1. ate p 0 sit ion s des c r- i bed . Tab 1. e -" s h 0 ~'J S J..-J h I C h 
plate posItions were used for the various test 
configurations investigated. 
5 - 4) T E ~:)T S T A I' J [) (-; D JUS T 11 E N T 
The unIversal t_ec_.t ~t._·c:-:lr-Id ]'r-,co~pot--ted . 
. - . I d varIOUS posItIonIng 
mechanisms for adjusting the locations of the rocket motor. 
pressure-tapped flat plate and pitot probe. The adj usLnent 
procedure used when setting the test configurations WhICh 
were mentioned in the two preceeding sections was as 
f oIl OltJS. 
Fir s t 1 Y ~ the 0 r i en tat ion 0 f the no z z I e a>; i s ~-.J a s c h e c ked t 0 
ensure that it was parallel to the axis of the lead screw 
incorporated in the machine table of the motor mounting 
module - which was used for adjusting the nozzle-to-plate 
and no z z I e - to - p r- 0 be s epa r- at ion dis tan c e s . I f these a:-: es 
were not parallel~ then the point that the nozzle aXIS 
intercepted the plate or probe would have changed when the 
separation distances were set during the final adjustment 
operation -see below. The orientation of the nozzle aXIS 
was checked using a dial-type displacement gauge and a 
special-purpose alignment device. The alignment device was 
fitted to the motor in place of the nozzle and provided a 
flat surface which was parallel to the nozzle axis (for the 
stylus of the dial gauge to rest against). A photograph of 
the alignment device is presented as Figure 5.3(a). 
Misalignment of the axes was corrected by adjusting the 
bolting position of the motor on its support bracket and/or 
the bolting position of the support bracket on the machine 
table. When the nozzle was refitted to the motor. after 
checking the orientation of the axis~ it was always set at 
the same 'roll angle' relative to the combustion chamber 
tube; thus, the nozzle was set at the same 'roll angle' for 
all tests. 
The surface of the plate or the axis of pitot probe was then 
set at the required orientation relative to the nozzle 
by adjusting the inclination of the hInged part of the 
plate/probe holder mountIng assembly. ThIS adjustment 
a:: I S 
~Jas 
accomplished with the aId of an adjustable set square and 
dnother speclal"'purPOSt l alIgnment devlce. The alIgnment 
d [;'v' 1 L t' + 1 ttl? d 0 v E'r- t h P L' ,: t. (-~ r r I ale ',Ill 'I d r- 1 C d J ,-- LtV- L - C ~ t ~ 
-', . I r c1 e 01 11 t.' 
no:: z I e and p r (J 'i ide d a p I an e sur- f ,:\ C e t hat ~'.j asp e 1" pen (j 1 cuI ClI~ 
to the nozzle axis: a photogr-aph of this devlce is pr-esented 
as Figur-e 5.3(b). The set squar-e was used for- monltor-ing 
the a f'I 9 I e bet ~.J t'-:' e nth e 5 u r- f ace (J f the a I i q niT) en t de'.' i CEo dr', d 
eIther- the sur-face of the pr-essur-e tapped flat plate or- the 
base plate of the pitot pr-obe holder-. 
The nozzle aXIS was then aligned with the r-equir-ed pOInt on 
the sur-face of the flat plate or- with the axis of the pitot 
pr-obe. This was accomplished by tr-aver-sing the motor-
later-ally and/or- the plate/pr-obe mounting ver-tically. When 
these adj ustment s wer-e made ~ the posi t i on of the noz z I e a:: is 
was tracked with a thir-d special-pur-pose alignment device: d 
photogr-aph of this device is pr-esented in Figure 5.3(c). 
This device fitted over- the external cylindr-ical sur-face of 
the nozzle and provided a solid repr-esentation of the nozzle 
axis which ter-minated in a point. 
Finally, the r-equired nozzle-to-plate or nozzle-to-pr-obe 
separation distance was then set by adjusting the location 
of the r-ocket motor. Slip gauges were used for verifying 
that the separ-ation distances were set correctly. 
5.5) ROC~~ET MOrUR OPERATION 
The Type 670 propellant cartridges were used for Jll t t es s 
with the Hilton rocket motor. The combination of this 
propellant and the staInless steel nozzle with a 3.12mm 
diameter throat produced approximately the same varlation of 
chamber pressure with time for all test firings. A sample 
recording of the rocket motor chamber pressure is presented 
as Figure 5.4. 
Figure 5.4 shows that there was a significant reduction of 
the chamber pressure~ from the peak inital value~ during the 
test firing. This regressive pressure-time behaviour 
permitted pressure data to be obtained for a range of 
chamber pressures in a single test. 
The pressure-time recording shown in Figure 5.4 differed 
from those obtained during the tests to determine the 
performance of the Hilton motor. Two recordings from the 
earlier tests~ presented in Figures 2.3(a) & 2.3(b)~ show 
that the chamber pressures remained nearly constant during 
the motor firings with the Hilton nozzles of throat 
diameters of 3.00 and 3.23mm. The differences in the 
variations of the chamber pressure with time probably 
resulted from differences in the thermal expansion 
characteristics of the two types of nozzle following 
exposure to the high temperature combustion gases at the 
start of the motor firings. 
In the case of the stainless steel nozzle~ tranSIent thermal 
expansion probably caused a small but significant increase 
in the nozzle throat area~ and therefore the chamber 
pressure decreased as a consequence. (See Section 2.5 for 
further details of the relationship between the nozzle 
throat area and the combustion chamber pressures.) In the 
case of the tests with the Hilton nozzles. the changes In 
the throat areas were probably neglible: hence the nearly 
constant chamber pressure durlng the test flrlngs. 
The dIfferences In the magnItudes of the thermal expanslons 
can be accounted for by the differences in the designs of 
the nozzles and~ in particular~ the differences in the wall 
thicknesses in vicinity of the throats - see Figures 2.2 ~/ 
5 • 6 ) COL 0 JET (3 {.~~; ~; U F' F' L Y ~; Y S T E M 0 F' E F~:?H ] U I.J 
For- ,:\ lit est sin vol \1 i n 9 p r- e s 5 u r- e mea sur- e In e n t s w 1 t h col d 
Jets~ the cold jet gas supply system was operated with 3 
rubber- damper- in the flow-contr-ol valve actuatIon mechanlsm 
- see Fiqur-e 4.15. The visco-elasticity of the damper 
caused the cold jet settling chamber pr-essur-e to decr-ease 
gradually from a peak initial value - see Section 4.9: thIS 
allowed pr-essure data to be obtained for- a r-ange of chamber 
pr-essures during a single test~ as was also the case for- the 
hot jet tests. 
The variation of the settling chamber- pressur-e with time was 
approximately the same for all nitr-ogen jet tests; a sample 
r-ecording of the chamber pressur-e is presented as Figure 
Likewise~ for- the exper-imentation with air- jets~ the 
variation of the chamber pr-essur-e with time was 
approximately the same for all tests; a sample r-ecor-ding IS 
shown in Figure 5.6 
The flow-control valve was fitted with differ-ent damper-s for-
the nitrogen and air jet testing. The dimensions and 
viscoelastic properties of these damper-s were chosen by 
e;< per i men t . 
5. 7) F'F-\'CSSURE MCJI'J I TOF: I NG SU8SY~; T EM C{-~L I BF:;:A T 1 (H~ 
Before testIng commenced~ the pressure monitorIng sUbsystem 
of the data acquisition system was calibrated by applYIng 
known pressures to the transducers and monitoring the 
corresponding sIgnals which were generated by the amplifIer 
un it. Dead vJei gh t tester s (Budenburg) wet-e used for 
pr-oduc i ng known gauge pr-essur-es in the r-ange 0-7 MN/m 2 • The 
microcomputer and the data capture program (OCP) were used 
for monitoring the output signals from the amplifiers. 
The initial calibration established that the pressure-
voltage characteristics of all channels of the pressure 
monitoring subsystem were linear and free from hysteresis. 
The drawbac~~ to the conventional method of calibration was 
that it took a long time to complete. Therefore, during 
testing~ the transducer shunt calibration circuits were used 
instead for calibrating the pressure monitoring subsystem. 
A schematic diagram of a shunt circuit can be seen in Figure 
4.26. When the switch in a shunt circuit was closed~ the 
shunt resistor altered the effective resistance of one arm 
of the transducer bridge and thus simulated the application 
of a calIbration pressure to the transducer. The exact 
pressures simulated by the shunt resistors were determined 
by reference to calibrations made using the dead weight 
testers. 
5.8) PRESSURE DATA ACQUISITION 
The same procedure w~c d h c~ use wlen operating the data 
acquisition system to obtain pressure data for 
all tests 
with the hot anlL"j --l"j LU l ~ free and impingIng jets. 
procedure was as follows. 
Firstly, the microcomputer data capture program (OCP) 
configured to suit the test. This was accomplished by 
supplying the following information to the OCP: 
number of active input channels 
number of zero-offset signal data values/channel 
number of calibration signal data values/channel 
number of transient signal data values/channel 
data capture rate 
tr- i gger channel 
trigger signal level 
number of pretrigger transient signal data values 
rig control sequencing data 
The signal transfer characteristics of the pressure 
monitoring subsystem were then adjusted to suit the test. 
The microcomputer real-time display was used for monitoring 
the signals generated by the subsystem when the adjustments 
were made. 
The zero-offset and calibration SIgnal datasets were then 
captured; usually. 50 data values/channel were obtaIned for 
both datasets. The zero-offset signals corresponded to 
ambient pressure on the transducers; the laboratory 
barograph (Cassella) was used for monitoring the ambient 
pressure during the testing. The calibration signals were 
generated by closing the switches of the transducer shunt 
circuits; these circuits simulated the application of a 
known calibration pressure to each of the transducers. 
The jet vJ a s the n 0 per" (='\ ted a. n d the ass 0 c 1 d t e (j t ran s i en t 
signal dataset captur-{-~d. Usually. 1000 data values/channel 
were obtained for the transient signal dataset. 
ThE? captured tr- dn~:;i ent:; i gnal data wer-e then inspected us 1 n,.:::, 
the graphics display of the mIcrocomputer system. 
The data stor-ed in the mi ct-ocomputer- "3emi conductot- memor-y 
were then transfered to a floppy disk data file. 
file incorporated the following datasets: 
The data 
DCF' configuration dataset (i.e. number of active 
channels~ etc.) 
zero-offset signal dataset 
calibration signal dataset 
transient signal dataset 
The data file was then transmitted to the minicomputer for 
processing; this was accomplished using the file transfer 
program (FTF'). 
5.9) PRESSURE DATA PROCESSING 
The mi n i compu ter s'ystem - see Fi gure 4 "1_) d 
.~~ - was use for 
processing the files of experimental data~ whIch were sent 
from the microcomputer~ and for producing hardcopy of the 
results in various graphical formats. The associated 
applications software was written specifically to suit the 
requirements of this study and was composed of a set of 
programs which were coded in FORTRAN. 
Essentially~ the same procedure was used for processing the 
data files from all types of test. (i.e. tests with hot and 
cold~ free and impinging jets); this proCessIng procedure 
was as follows. 
Firstly~ each data file was appended to another file which 
had been created on the minicomputer; this other file 
contained coded details of the associated test configuration 
(e.g. type of test~ ambient pressure~ nozzle/plate/probe 
geometry~ etc.). The details of the test configuration were 
coded as one dataset~ Thus~ the file for each test then 
contained five datasets; viz: 
test configuration dataset (TCO) 
DCP configuration dataset (OCO) 
zero-offset signal dataset (ZSD) 
calibration signal dataset (CSO) 
transient signal dataset (TSO) 
The incorporation of the TeO in each data file allowed the 
file to be processed in batch mode; it also allowed the 
origin of the other datasets to be trac~ed during 
processing. The processing programs accessed the 
details of the structures of the ZSO. eso & TSD. 
DCD for 
These 
signal datasets were structured as two-dimensional arrays of 
values. The processing programs referenced the values In 
the these arrays either individually. or as scan-records, or 
as channel-records. A scan-record was a subset of values 
b t d d Lt .... I' n gas 1 n g 1 e eye 1 e L1 f the d ... 'l. t a which were 0 :alne I 
d C q U 1::';], t. 1 C) 1""1 5 'J' ~:, t L'1n flKI I t 1 pIe >: e I (1' 
.E. Dne 'Io<-lue fr-(Jin eaC~1 
act i 'd::-- c han n e 1 ) . A channel-Iecard was a subset of 
.'31ues 
from one of the active channels. 
I nth e n e:< t p t- 0 C (-:? S sin gop Cl"- - t l' 0 h ~I ct n on eac file~ the values 
s tor e din the Z ~~.3 0 , C S D c:\ n d T S D we r e con v e r ted f r- 0 m 1 n t e 9 e t-
to floating-point numbers. The floating-point number format 
provided six significant decimal digits for the mantIssa. 
and a 1 lowed the e:< po n en t tor an g e fro In - 7 6 to + 76 : ( the 
associated FORTRAN data type was REAL*4). This number 
format was maintained for all subsequent computational 
operations. 
The TSD values of each file were then transformed from 
voltage values to absolute pressure values. The 
transformations were made using linear pressure-voltage 
transformation functions; (the pressure monitorIng subsystem 
exhibited linear response characteristics - see Section 
5.7) • A separate transformation function was used for each 
TSD channel-record. Each transformation function was 
defined by a pair of voltage and pressure values; these were 
the arithmetic means of the zero-offset and cal1bration 
voltage values~ which were evaluated from the related ZSD 
and CSD channel-records~ and the corresponding known 
pressure values, which were extracted from the TCD (i.e. the 
ambient pressure, and the pressure simulated by the 
transducer shunt circuit). A rule-based data-verification 
routine was incorporated In the program which evaluated the 
means of the zero-offset and calibration voltages: this 
routine detected and excluded any irregular values (e.g. 
those associated with noise spikes) from the averag1ng 
process. For consistency in the dataset namIng convent1ons. 
the transformed TSD will be refered to from now on as the 
transient pressure dataset (TPD). 
, ence the TPD channel-At this stage of the processing sequ ~ 
records of each fIle were plotted for Inspection. An 
1 P lot 1S presented as Figure 5.7: e:: amp e 
thIS shows the 16 
~, hot J·et impln"ement test. channel- t ecot (JS ,rom a ~ The t )me 
axis coordinates for the plots were calculated trom the 
value of the data capture rate which was stored in the OeD. 
The 61~s time-offset between each value in each TPD scan-
record was then eliminated; this time-offset was caused by 
the data acquisition system multiplexer - see Section 4.11. 
The time-offsets were eliminated by evaluating new values 
for each scan-record; the new values were obtained by linear 
interpolation of the existing channel-record values with 
respect to time. The new values in the TPD scan-records 
were then equivalent to those which would have been obtained 
if the signals from all the active channels of the pressure 
monitoring subsystem had been sampled at the same instants 
in time (i.e. in parallel). 
The TPD values were then non-dimensionalised by evaluatIng 
various pressure ratios. The pitot or plate pressure values 
in each scan-record were divided by the chamber pressure 
value from the same scan-record - hence the elimination of 
the time-offsets above; this computation yielded the pitot 
or plate pressure ratios~ Ppt/Pc or Pp/Pc. The chamber 
pressure value in each scan-record was divided by the 
ambient pressure value; this yielded the jet pressure ratio~ 
F'c /Pa. The non-dimensionalised TPD will refered to 
henceforth as the transient pressure ratio dataset (TPRD). 
A sequence of processing operations was then performed to 
generate a standard set of pressure ratio scan-records from 
the TF'RD. This standard set of scan-records allowed the 
ratl"o data from different tests to be merged and/or pressure I 
compared without further processing. 
operations was as follows. 
The sequence of 
Firstly~ the TPRD was analysed to determine the tlmes durlng 
the test when the jet pressure ratlo. Pc/Pat was equal to 
The speclfied values of Pc/Pa were In the 
specified values. 
t d t 1.00 and then lncreased by form of a series which star ea. 
f - ~c:­increments 0 U.LJ 
The last value of 
( i . e 1. 00. 1 . 25. 1 . 50. 1 . :5. . .. etc.). 
F"e /Fa 1 nth e s ~ . r 1 e ~ I') ~ seq Lll \. (C\ len t tot h e 
1fI,:l;: 1. mUlTi for" the t (.:'5 t; thi~; ~·Jas bet\.-'Jf=-pn ,~,() -rl .... '-\", f-
- _. ~- c'. u .::. ~_ or t h f~ 
tests with air jets~ c:1.nd between 50 ~ d rc f ",::,n ,J~J ur the t0sls 
with rocket and nitrogen jet Th 
. .s. e requIred tImes were 
found bv linear ]'nterp 1 t· f 1 . - a a Ion 0 the TPRD channel-record of 
Pc/Pa values with respect to time. Each v3lue of tlme 
obtained was paired with the associated value of 
pressure ratio and these were stored together. 
in an index dataset (ID). 
as a record. 
~ ,.e ~ con alne at least two records for each 1\lot-mall Y., th IJ~) t· d 
specified value of Pc/Pa because the jet pressure ratio 
first increased and then decreased during every test. If 
the jet pressure ratio fluctuated about a specified value 
during a test~ then the 10 contained more than two records 
with this value of Pc/Pa. 
A third value was then added to each 10 record; this was the 
rate of change of the jet pressure ratio with time~ 
S(Pc/Pa)/St~ which occured at the instant in time specified 
by the value of time stored in the same record. These rate 
values were obtained by differential analysis of the TPRO 
channel-record containing the values of Pc/Pa. 
The order of the 10 records was then rearranged so that the 
magnitudes of the Pc/Pa values were in ascending order 
relative to the start of the dataset. This rearrangement 
therefore grouped together records with the same value of 
Pc/Pa. Each group will be refered to as an index dataset 
1:J r OLlP (lOG). The order of the records in each lOG was then 
rearranged so that the absolute magnitudes of the 
S(Pc/Pa)/St values were in ascending order relative to the 
start of each group. The first record of each lOG - the one 
with the lowest absolute S(Pc/Pa)/st value - was then 
retained in the 10 and the other records were deleted. 
The 10 time values were then used as pointers for generating 
the standard set of pressure ratiO scan-records from the 
TF'RD. Each new scan-record was formed by Slmultaneous 
I t f 11 TF
'RD c"lannE'l-r-t,,:'ords WI t.h 
linec1r- lnterpo a Ion 0 a I 
r- e s p t? c: t t. (J tIm e . r h e t d j 
_. '0;' a. n d r! set 0 f s c C\ n - r- e cor- d S \."J ere 
s t. () t- e din a n E' w d a t as e t -- t his . lIb Wl e ter-med the pr-essur-e 
ratIo da.taset (PRO). 
The TeO and PRO v-J e r- e the fI r- e t din e d In each data fIle and the 
other- datasets wer-e deleted. This was the last . pr-ocesslng 
oper-ation per-for-med on each separ-ate data file. 
Subsequently~ the separate data files from series of tests 
were concatenated after they had been processed. Thus~ this 
operation linked together all the TCD-PRD pairs from each 
series of tests in one file - this type of file will be 
refered to as a test series data file (TSDF). 
TSDF was created for- the series of: 
free air jet tests 
free nitrogen jet tests 
free rocket jet tests 
impinging air jet tests 
impinging nitrogen jet tests 
impinging rocket jet tests 
A separ-ate 
Finally, sets of data were then extracted from each TSDF and 
plotted. Initially~ isometric and contour- plots were 
produced that illustrated the variations of the pitot 
pressure ratio along the jet axes and the variations of the 
plate pressure ratio across the surface of the flat plate 
for ranges of jet pressure ratios. Subsequently~ two-axis 
plots were produced that illustrated the distr-ibutions of 
the pitot and plate pressure ratios for various discr-ete Jet 
pressure ratios. The plots that were produced will be 
presented and discussed in the next chapter. 
l-<Jhen hDt jet imp i ngemen t test s were conduc ted ~ sOlne 0+ the 
soot i nth e t- 0 eke t mot 0 t- eo >: h au s t s was de p 0 sit e don the 
pressure-tapped flat plate. The soot was usually depOSIted 
In a thin layer over the entire surface of the plate. 
Surface flow patterns were observed In the soot deposItlons. 
These patterns were visible only when the depositlons were 
illuminated by a beam of light; the patterns were not 
apparent In diffuse lighting conditions. A Iso ~ d iff e t- en t 
features of the patterns tended to be emphasised when the 
angle between the incident light beam and the surface of the 
plate was varied. 
It was considered that the soot patterns provided useful 
information about the flow conditions which occured at the 
surface of the flat plate during hot jet impingement. 
Therefore~ after every hot jet impingement test~ the soot 
depositions were photographed before they were cleaned off 
the plate. 
The soot depositions were photographed USIng a single-lens-
reflex camera (Asahi Pentax SP-l000)~ which was equipped 
with a lens of 55mm focal length. The camera was loaded 
with monochrome film rated at 400 ASA (Kodak Tri-X Pan). A 
photographic slide projector lamp (250 Watt) was used for 
the light source. 
All photographs of the soot depositions were taken WIth the 
axis of the camera aligned perpendicular to the plate 
surface. Sets of photographs were taken with the projector 
lamp oriented in two different positions. For these 
projector positions~ the angles between the lIght beams and 
the surface of the pI ate~ oCt. we rea p pro >: I mat ely 3 0 and 
The films were developed in accordance WIth the 
manufacturer's standard recommendatIons. Pr I n t s 0+ 
1 Sl ~e ~'Jere rlroduced that sho~Jell ttH' a p pro:: 1 In ate 1 y e qua - ~ 
1 C O 
"tJ • 
depositions for t~je whole of the plate and ior the centr31 
region around the pressure tappings. 
No other forms of flow visualisation were used during the 
tests with the Hilton rocket motor. 
5.11) COLD JET FLOW VISUALISATION 
fhe shadowgraph/schlieren system was used for ob~ervlng the 
structures of the cold jet flows. 
l"he procedures employed for aligning and operatIng the 
shadowgraph/schlieren system were exactly the same those 
described by Carling (Ref.3t). and therefore these 
procedures will not be reiterated here. (Note that this 
shadowgraph/schlieren system was originally designed and 
used by Carling - see Section 4.10.) 
No shadowgraph or schlieren photographs of the cold jet 
flows were made in the course of the test program; thls was 
due to constraints on the amount of time avallable for thiS 
study. 
CHAPTER SIX PRESENTATION AND DISCUSSION OF RESULTS 
6. 1) I NTRODUCT ICJN 
TtH=, e;.:perimE'ntal t-esults obt~-:11necj fr-om the Set-Ies of fr-ee 
and impinging jet tests with air. nitrogen and roclel Jet~ 
cOlr·· €-? P r- E' sen ted and dis c u sse dIn t his c h C\ ptE' r- • The no:::le-
and-probe arid n077Ie-~nd-pl~te t=_st 
-- = = = configurations were 
described previously in Sections 5.2 & 5.3 respectIvely. 
For all series of tests~ results are presented in the form 
of pressure distrIbutIons. In the cc.se of the rocket Jet 
impingement tests~ photographs of the soot depositions on 
the surf ace c)f the p 1 ate ar-e 31 so pr- esented. 
When examlnlng the results~ it should be remembered that the 
pressure ratio of all experimental jets varied with time. 
The variations Pc/Pa with time for the rocket, nitrogen and 
alr jets can be seen in the sample recordings which were 
presented earlier as Figures 5.4~ & 5.6 respectively. 
In the following sections of this chapter. the results from 
the free jet tests will be considered before those from the 
impingement tests; also. for both types of test. the results 
from air jet tests will be considered before those from the 
rocket and nitrogen tests. 
6.2) FREE AIR JET 
F:e<:;ul ts ft-om t~"\-~ c:::.r-lo -,- of t ~ ° t~ I ,L - t:. '=. ,:" - (0,' S L -:; W 1 I If t- e e 2\ i t- j e (:; ::i r- L 
p r- e sen t e (j i n F i q u r e !s 6..1. t 0 6. 4 inc 1 us i \' e . 
F 1 9 u ro e 6. 1 1 san i -:;:; Co ITt e tT i c P lot I"J hie h s h 0 ~'J ~ h 0 ~0,1 the J~" t 
centreline pitot pressure distribution~ Ppt/Pc versus 
Zpt!Re~ varies wlth jet pressure ~atio. Pc/PaN 
plotted in Figu~e 6.1 are also shown in contour format In 
Fig LW e 6. 2; ( not to:> t hat the val u e sma t- ked 0 nth e can tau r-
lines a~e values of Ppt/Pc). 
Figure 6.3 1S a two-axis plot which shows the Jet centrelIne 
pitot pressure distributions~ Ppt/Pc versus Zpt/Re. for the 
discrete jet pressure ratios, Pc /F'2\ ~ of 5 ~ 1 (I ~ 15 .~~ --::-0· ~ - . 
individual data points are also shown in this figure for 
each pressure distribution. 
Figure 6.4 1S a two-axis plot which compares the Jet 
centreline pitot pressure distribution for Pc/Pa=6.7S8 
obtai ned in th is study wi th that obtai ned by Donal dson ~I 
Snedeker ~ef25J. 
the 
The non-dimensional nozzle-to-probe separation dlstances~ 
Zpt/Re~ have been used for the jet axis coordinate data In 
Figures 6.1 to 6.4. Therefo~e~ the distance between the tip 
t b d th d t h d probe bow shoc k has not of the pi to pro e an - e e ac e 
been taken into account fo~ those measurement positIons on 
the jet axis where the flow was supersonic. 
,. 
6. :::.) F h~ E: E F: (J c: k ETA N D NIT F~: c) G I::: N .J E T 
F: e suI t. ~:; fro In thE' 5 e ro i E S Co f t est 5 wit h f r e era c h-? tan d 
nit r- 09 E? n J E? t S a r- e p r- e s t:~ n ted i n Fig u res 6. 5 t Co 6. 1 (I 
o 0l 0 1 ncoo USl \/E. 
Figures 6.5 & 6.6 are isometrIC plots which show for the 
nitrogen and rocket jets how the pitot pressure 
distributions along the jet axes~ Ppt/Pc versus Zpt/Re~ vary 
with jet pressure ratio~ Pc/Pa. The data plotted in these 
figures are also shown in contour format in Figures 6.7 & 
6.8; (note t.hat the values marked on the contour lines are 
values of Ppt/Pc). 
Figures 6.9 & 6.10 are two-axis plots which show comparisons 
between pitot pressure distributions along the axes of the 
rocket and nitrogen jets for the case when the pressure 
ratio of both jets is 40. 
The non-dimensional nozzle-to-probe separation distances. 
Zpt/Re~ have been used for the jet axis coordinate data in 
Figures 6.5 to 6.10. Therefore~ the distance between the 
tip of the pitot probe and the detached probe bow shack has 
not been taken into account for those measurement positions 
on the jet axis where the flaw was supersonic. 
, 
6. 4 ) (~ I F .J E -1 I r1 F' I N (3 E: t1 E N T (J N A F' E F: F' E !"~ DIe U L A F: F'L ATE 
F: e 5 U 1 t ~:) -f r 0 nl t h E~ S e r- 1 e S D -f t est s lI'J i t h d 1 r jet s i In pin gin 9 0 n 
a flat plate set perpendicular to the Jet aXIS are presented 
i n F:- i g U t- e ~:; 6..1. 1 t (] 6. 2 Cj' inc I U I::. i ve . 
Fig u res 6. 1 1 ~ 6. 1 2 ~ 6. 1 3 ~~ 6. 1 4 a r- e i s CJ met r- i c p I () t 5 ~'" h i c h 
show how the plate pressure dlstributi(]n~ F'p/F'c ~ersus 
S p I F: e , \I ~.:\t- i e s ... Ji t h P I ate p 0 sit 1 () n ~ Z P :' R e ~ f 0 t- jet P t- e s sur e 
rat i 0 s , F' elF' a , (] f 5 , 1 0 ~ 1 5 ~~ 2 (I res p e c t i vel y • The data 
plotted in these figures are also shown in contour format In 
Figures 6.15 to 6.18; (note that the values marked on the 
contour lines are values of F'p/F'c). 
Figures 6.19, 6.20~ 6.21 & 6.22 are isometric plots WhICh 
show how the plate pressure distribution. F'p/F'c versus 
SpiRe, varies with jet pressure ratio~ F'c/F'a~ for plate 
positions, Zp/Re, equal to 5~ 10~ 20 & 40 respectively. The 
data plotted in these figures are also shown in contour 
fat-mat in Figures 6.23 to 6.26; (note that the values mat-ked 
on the contour lines are values of F'p/F'c). 
F · 6 .-,-y Igures .L/~ 6.28 & 6.29 contain five, two - a:-: i s p lot s ; 
these show how selected plate pressure distributions 
obtained in this study compare with those obtained by other 
i n ve s t i gat a t- s . 
, 
Results from the serlES of tests wIth rocket and nItrogen 
jets impinging on a flat plate set perpendIcular to the Jet 
Figures 6.30~ 6.31. 6.32 & 6.33 are IsometrIc plots which 
show for the nitrogen jet how the plate pressure 
distribution~ Pp/Pc versus Sp/Re~ varies with Jet pressure 
rat i 0 ~ Pc / F' a , for p I ate pas i t ion s . Z P / R e , e q u cd to 5, 1 (I • 20 
& 40 respectively. The data plotted In these figures are 
also shown in contour format in Figures 6.34 to 6.37; (note 
that the values marked on the contour lines are values of 
F'p /Pc) . A comparable set of isometric and contour plots of 
the rocket jet plate pressure distributions 3re shown In 
Figures 6.38 to 6.45. 
Figures 6.46, 6.47, 6.48 & 6.49 contain photographs of the 
soot depositions which were formed on the plate during the 
rocket jet impingement tests with Zp/Re equal to 5, 10. 20 & 
40 respectively. 
Figures 6.50, 6.51, 6.52 & 6.53 are two-axis plots which 
show~ for rocket and nitrogen jets with pressure ratios of 
40, comparisons between the plate pressure distributions for 
R 1 t c 10 70 & 50 pI ate posi ti ons, Zp/ 'e~ equa 0....J~ -,-
respectively. 
6.6) ROCKET & NITROGEN JET IMPINGEMENT ON AN lNCLlNED PLA1E 
Results from the serIes of tests with rocket and nltrogen 
jets impingint~ Dn d flat pl.::3.te inclined at dn3ngle of 45 0 
to the jet axis are presented in Figure5 6.54 to b. 7 7 
inclusivE. 
of figures is exactly the same as that which was used In the 
p r- e viC) us·:; e c: t i CJ n f 0 r- t:. h e t- e s u 1 t s fro m the per pen d 1 cuI d t 
impingement tests. 
, 
CHAPTER SEVEN CONCLUSIONS 
Figures 6.50 to 6.53 show a comparison of pressure distributions for 
the rocket and nitrogen jets impinging on a normal flat plate and Figures 
6.74 and 6.77 compare the pressure distributions for the 45 0 inclined flat 
plate. 
For the normal flat plate the agreement is quite close, but in all 
cases the rocket jet impingement produces somewhat lower pressures. 
For the inclined plate the agreement is not quite so close, but never-
theless the pressures produced by the rocket jet are lower than those 
produced by the nitrogen jet. 
Thus for the set of nozzle-and-plate configurations and jet conditions 
investigated, there are only small differences between the hot and cold jet 
impingement pressures formed at the plate surface. 
The main conclusion of this study is therefore that the differences 
between rocket exhaust and cold gases do not significantly affect impinge-
ment pressures formed at the surface of a flat plate. 
Accordingly, empirical methods for predicting impingement pressures 
which are based on cold jet experimental data can be used with more 
confidence for impingement situations involving hot jets. 
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TABLE 1 HIL TON COMBUSTION GAS OAT A 
Propellant - TYPE 670 
Nozzle - Not Specified 
Pressures - None Specified 
Temperature (OK) - Flame Temperature = 2240 
- Freezing Out Temp. = 1600 
Sp. Heat Ratio - @ 2240 oK = 1.27 
-
@ 1600 OK = 1.29 
Gas Composition Concentrations (Mole Fraction) 
Constituent @ 2240 OK @ 1600 OK 
CO 0.4629 0.4413 
CO2 0.0733 0.0948 
H2 0.1938 0.2158 
H2O 0.1667 0.1448 
N2 0.1033 0.1033 
TABLE 2a ICI COMBUSTION GAS DATA 
Propellant - TYPE 670 
Nozzle - Area Ratio, Ae/At = 4.718 
Pressure (Mn/m 2) - Combustion Chamber = 3.4475 
- Nozzle Throat = 1.9033 
- Nozzle Exit = 0.1013 
Temperature (OK) - Flame = 2179 
- Nozzle Throat (Froz. Flow) = 1926 
- Nozzle Exit (Froz. Flow) = 1012 
- Nozzle Exit (Equil. Flow) = 1060 
velocity (m/sec) - Nozzle Exit = 2001.15 
Molecular Wt. (g/Mol) = 22.32 
Sp. Heat Ratio = 1.2652 
Gas composition Concentration (Mole Fraction) 
Combustion Nozzle Exit 
Constituent Chamber (Equil. Flow) 
CO 0.46075 E+OO 0.38936 E+OO 
CO2 0.70842 E -01 0.14234 E +00 
H2 0.20123 E+OO 0.27293 E+OO 
H2O 0.15878 E+OO 0.87375 E -01 
N2 0.10796 E+OO 0.10798 E+OO 
C 0.40674 E -13 0.16375 E-27 
H 0.38198 E -03 0.54005 E -08 
0 0.39007 E-07 O. 13307 E - 18 
N 0.33992 E-09 0.25259 E-. 
NO 0.13894 E-05 0.80098 E -14 
OH 0.40769 E-04 0.58463 E-11 
O 2 0.26314 E-07 
0.23027 E -19 
TABLE 2b ICI COMBUSTION GAS DATA 
Propellant - TYPE 670 
Nozzle - Area Ratio, Ae/At 7.559 = 
Pressure (Mn/m 2) 
- Combustion Chamber 6.8950 = 
- Nozzle Throat = 3.8065 
- Nozzle Exit = 0.1013 
Temperature (OK) 
- Flame = 2179 
- Nozzle Throat (Froz. Flow) = 1926 
- Nozzle Exit (Froz. Flow) = 864 
- Nozzle Exit (Equil. Flow) = 923 
Velocity (m/sec) - Nozzle Exit = 2113.27 
Molecular Wt. (g/Mol) = 22.32 
Sp. Heat Ratio = 1.2652 
Gas Composition Concentration (Mole Fraction) 
Combustion Nozzle Exit 
Constituent 
Chamber (Equil. Flow) 
CO 0.46078 E+OO 0.36680 E+OO 
CO2 0.70839 E-Ol 0.16490 E+OO 
H2 0.20128 E+OO 0.29548 E+OO 
H2O 0.15881 E+OO 0.64819 E-Ol 
N2 0.10796 E+OO 0.10798 E +00 
C 0.40681 E-13 0.12609 E-31 
H 0.27013 E-03 0.13519 E-09 
0 0.27201 E-07 0.20579 E -22 
N 0.38297 E-09 0.85307 E - 24 
NO 0.98246 E-06 0.18837 E -16 
OH 0.28830 E-04 0.34063 E -13 
O2 0.91741 E-08 0.26476 E-23 
TABLE 3 PERME COMBUSTICJi·, GAS OAT P. 
Propellant TYPE 670 
Nozzle Area Ratio, Ae/ At = 5.3106 
Flow Parameter 
Combustion Nozzle Nozzle 
Chamber Throat Exit 
Pressure (MN/m2) 6.8884 3.7850 0.1719 
Temperature (K) 1768.8 1552.8 796.5 
Density (kg/m') 9.6786 6.0582 0.5365 
Enthalpy (kJ/Mol) -46.618 -54.880 -83.975 
Entropy (J/Mol K) 10.201 10.201 10.201 
Velocity (m/sec) 0.0 888.4 1889.1 
Mach Number 0.000 1.000 2.975 
Molecular Wt. (g/Mol) 20.939 20.940 20.943 
Specific Heat (J/kg K) 1781.8 1759.2 1628.3 
Specific Heat Ratio - 1.2782 1.2758 
Gas composition Concentration (Mole Fraction) 
Combustion Nozzle Nozzle 
Constituent Chamber Throat Exit 
CO 0.48996 E+OO 0.48239 E+OO 0.41706 E+OO 
CO2 0.48325 E -01 0.55916 E -01 0.12134 E+OO 
H2 0.26628 E+OO 0.27393 E+OO 0.33956 E+OO 
H2O 0.96126 E -01 0.88546 E -01 0.22721 E-Ol 
N2 0.97225 E-01 0.97230 E -01 0.97246 E -01 
C 0.54811 E-16 0.24577 E-16 0.26621 E-36 
H 0.17061 E-04 0.27650 E-05 0.11124 E-ll 
K 0.46930 E-03 0.38205 E-03 0.44121 E-04 
0 0.18925 E-10 0.25863 E-12 0.11563 E-27 
CHO 0.35329 E-06 0.62182 E-07 0.18589 E-12 
H0 2 0.99022 E-14 0.80659 E -16 
0.69801 E-33 
K0 2 0.44932 E-I0 0.28403 E-ll 
O. 27lJI~:' E -.~ 1 
KOH 0.16030 E-02 0.16903 E-02 0.20286 E <'l 
OH 0.39217 E -06 0.31488 E-07 0.24282 E-16 
O 2 0.30453 E -11 0.38577 E-13 
O. 50~ L; < E - 2~ 




Air 0, 1, 2, ... 49, 50 
0, 1, 2, ... 10, 11 
Nitrogen 12, 14, 16, ... 38, 40 
50 
2, 4, 5, 6, 7, 8, 9, 10 
Rocket 12, 14, 16, ... 38, 40 
50 
TABLE 5 IMPINGING JET TEST CONFIGURA TIONS 
Nozzle- to-Plate Plate Angles 
Jet 
Distances, Zp/Re 8 
1, 2, 3, ... 49, 50 
Air 90° 
3.92, 14.64 
5, 10, 20, 40 90° 
Nitrogen 
5, 10, 20, 40 45° 
5, 10, 20, 40 90° 
Rocket 





















FLA 1 PLATE PRESSURE TAPPING LOCA T IONS 
Non-Dimensional distances across the plate 
surface bet ween the noz zle a xis and the pressure 
tappings, (Le. SpiRe where Re= 1.56). Refer to 
Section 5.3 of text for an explanation of the six 
plate positions. 
1 2 3 4 5 6 
-14.292 -13.651 -13.010 -13.971 -13.330 -12.689 
-12.240 -11.599 -10.958 -11.920 -11.279 -10.638 
-10.221 -9.580 -8.939 -9.901 -9.260 -8.619 
-8.170 - 7.529 -6.888 - 7.849 -7.208 -6.567 
-6.151 -5.510 -4.869 -5.830 - 5.189 - 4.548 
-4.115 -3.474 -2.833 - 3.795 -3.154 - 2.513 
-2.051 -1.410 -0.769 -1. 731 -1.090 -0.449 
0.000 0.641 1.282 0.321 0.962 1.603 
2.038 2.679 3.321 2.359 3.000 3.641 
4.058 4.699 5.340 4.378 5.019 5.660 
6.071 6.712 7.353 6.391 7.032 7.673 
8.106 8.747 9.388 8.426 9.067 9.708 
10.141 10.782 11.423 10.462 11.103 11.744 
12.167 12.808 13.449 12.487 13.128 13.769 
14.1 70 14.811 15.452 14.490 15.131 15.772 
TABLE 7 IMf--JIr~G~: ~t::r<T TESTS PLA T~ POSITIONS 
Air Jet Impingement Tests 
Plate Positions 1, 2 & 3 used for all tests 
Nitrogen and Rocket Jet Impingement Tests 
Plate Positions 
Zp/Re 
8 = 90° 8 = 45° 
5 1, 2, 3 1, 2, 3, 4, 5, 6 
10 1, 2, 3 1, 2, 3, 4, 5, 6 
20 1, 2, 3 1, 2, 3 
40 1, 2, 3 1, 2, 3 
Fl gLWP 
Number-
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Flat Plate Pressure Distribution with Jet Pressure 
F:atio for: Me=l.(1~ Zp/Re=10.0, 8=90.0 0 
6.44 - Rocket Jet Impingement - Contour Plot of Variation of 
F 1 at F' 1 ate F'r e s sur e 0 i s t r 1 but ion wit h Jet F'r e s sur e 
F:atio for: Me=1.0~ Zp/Re=20.0~ 8=90.0° 
6.45 - Rocket Jet Impingement - Contour Plot of VariatIon of 
Flat Plate Pressure Distribution with Jet Pressure 
F: a t i a for: Me = 1 . (I , Z P / R e = 4 (I . (I ~ 8 = 9 (1 • 0 ° 
6.46 - Rocket Jet Impingement - Flat Plate Soot Deposition 
for: Me=1.0~ Zp/Re=5.0~ 8=90.0° 
6.47 - Rocket Jet Impingement - Flat Plate Soot Deposition 
for: Me=1.0~ Zp/Re=1(1.0~ 8=90.0° 
6.48 - Rocket Jet Impingement - Flat Plate Soot Deposition 
for: Me=1.0~ Zp/Re=20.0~ 8=90.0 0 
6.49 - Rocket Jet Impingement - Flat Plate Soot Deposition 
for: Me=l.(1~ Zp/Re=40.0~ 8=90.0° 
6.50 - Comparison of Flat Plate Pressure Distributions 
Generated by Impinging Rocket and Nitrogen Jets when: 
Me=1.0, Pc/Pa=40.0~ Zp/Re=5.0, 8=90.0° 
6.51 - Comparison of Flat Plate Pressure Distrlbutions 
Generated by Impinging Rocket and Nitrogen Jets when: 
Me=1.0~ Pc/Pa=40.0~ Zp/Re=lO.O, 9=90.0 0 
6 . 5.2 - Com par i ~; a n 0 f F I at F'l ate P t- e s sur e Dis t rib uti 0 n s 
Generated by Impinging Rocket and Nitrogen Jets when: 
Me=1.0~ Pc/Pa=40.0~ Zp/Re=20.0, 9=90.0° 
6.53 - Comparison of Flat Plate Pressure DIstributions 
Generated by Impinging Rocket and Nitrogen Jets when: 
Me=l.(>, Pc/Pa=40.0~ Zp/Re=40.0, 9=90.0° 
6.54 - Nitrogen Jet Implngement - Isometric Plot of 
VariatIon of Flat Plate Pressure Distribution with 
Jet Pressure RatIO for: Me=1.0. Zp/Re=S.O. 8=45.0° 
6.55 -- Nltr-'oqen ,Jet Impingement - Isometric F'lot of 
VarIatIon of Fl~t Plate Pressure DistrIbutIon WIth 
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6.59 - Nitrogen Jet Impingement - Contour- Plot of Variation 
of Flat Plate Pressur-e Distribution with Jet Pressur-e 
Rat i 0 f C) r': Me = 1 . 0 ~ Z P / F: e == 1 (I. 0 ~ 8 = 4 5 . (> 0 
6.60 - Nitrogen Jet Impingement - Contour Plot of Variation 
of Flat Plate Pressur-e Distribution with Jet Pressure 
Ratio for: Me=1.0, Zp/Re=20.0~ 8=45.0° 
6.61 - Nitrogen Jet ImpIngement - Contour- Plot of Variation 
ofF I -3 t P I ate Pt- e s sur e Dis t r- i but ion wit h Jet F'r e s s Ll t- e 
Ratio for: Me=1.0~ Zp/Re=40.0~ 8=45.(;° 
6 . 62 - Roc k e t ,..1 e tIm pin gem e n t - Iso met t- :i. c F'l 0 t a f I) a ria t ion 
of Flat Plate Pressure Distribution with Jet Pressure 
Ratio for: Me=1.0. Zp/Re=5.0~ 9=45.0 D 
6.63 - Rocket Jet Impingement - Isometric Plot of Variation 
of Flat Plate Pressure Distribution with Jet Pr-essure 
Rati 0 for: Me=1.0, Zp/Re=10. O~ 8=45. (>0 
6.64 - Rocket Jet Impingement - Isometric Plot of Variation 
of Flat Plate Pressure Distribution with Jet Pressure 
Ratio for: Me=1.0~ Zp/Re=20.0. 9=45.0° 
6.65 - Rocket Jet Impingement - Isometric Plot of Variation 
of Flat Plate Pressure Distribution with Jet Pressure 
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Me=1.0, Zp/Re=20.0~ 8=45.0° 
Impingement - Contour Plot of Var-iation of 
Pressure Distribution with Jet Pressure 
Me=1.0~ Zp/Re=40.0. 8=45.(10 
6.70 - Rocket Jet ImpIngement - Flat Plate Soot Deposition 
for: Me=1. O. Zp/Re=5. (I~ 8=45. (lD 
6.71 - Roclet Jet Impingement - Flat Plate Soot Depositlon 
for-: Me=1.0. Zp/Re=10.0. 8=45.0° 
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6.74 - Comparison of Flat Plate Pressure Distrlbutions 
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6.75 - Comparison 0+ Flat Plate Pressure Distributions 
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6.76 - Comparison of Flat Plate Pressure Distributions 
Generated by Impinging Rocket 3nd Nitrogen Jets when: 
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6.77 - Comparison of Flat Plate Pressure Distributions 
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FIGURE 1.1 ANNOTATED SCHEMATIC DIAGRAM OF A SIMPLE JET IMPINGEMENT FLOWFIELD 
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FIGURE 2..1 VIEW OF THE HILTON ROCKET MOTOR AND A PROPELLANT CARTRIDGE 
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PROPELLANT CARTRIDGE COMBUSTION CHAMBER SONIC NOZZLE PROFILE OF SUPERSONIC NOZZL[ 
FIGURE 2.2 SECTIONED DRAWING OF THE HILTON SOLID PROPELLANT ROCKET MOTOR 
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NOTES: 1) PRESSURES ARE ABSOLUTE VALUES 
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FIGURE 2.3 RECORDINGS OF THE HILTON MOTOR CHAMBER PRESSURE - STABLE PROPELLANT COMBUSTION 
NOTES: 1) NOZZLE THROAT DIAMETER = 3.74 mm 
2) PRESSURES ARE ABSOLUTE VALUES 
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FIGURE 2.5 COMPARISON OF THE HILTON, ICI, AND PERME TYPE 670 PROPELLANT 
DATA ON THE CONCENTRATIONS OF THE FIVE MAJOR GAS SPECIES 
FOUND WITHIN THE HILTON ROCKET MOTOR COMBUSTION CHAMBER 
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THESE CURVES DERIVED USING 
-y = CP/(Cp-R) FROM VALUES 1 





























GAS TEMPERATURE, oK 
fiGURE 2.6 EFFECT OF TEMPERATURE ON THE SPECIFIC HEAT 


































CD HILTON - COMPOSITION @ 2240 oK 
CD HILTON - COMPOSITION @ 1600 ° K 
0 ICI - COMBUSTION CHA~BER, Pc:::: 3. 4475 MN/m2 
8) ICI - COMBUSTION CHA~BER, Pc::::6.8950 MN/m2 
® ICI - NOZZLE EXIT, FOR Pc::::3.4475 ~N/m2 
® ICI - NOZZLE EXIT, FOR Pc::::6.8950 MN/m2 
(j) PER~E - COMBUSTION CHAMBER 
® PER~E - NOZZLE THROAT 
® PERME - NOZZLE EXIT 
NOTE - THE VALUES OF THE GAS SPECIFIC HEAT RATIO 
SHOWN IN THIS GRAPH ARE NOT THOSE SUPPLIED BY HILTON 
- ' 
ICI, AND PERME. PLEASE REFER TO MAIN TEXT FOR DETAILS 
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FIGURE 3.1 SCHEMATIC DIAGRAMS SHOWING STAGES IN 
























4 ----------------- ~ 
././---
.-/ ___ --------------------- INVISC 
,.-/ "" "" ID FREE 
,/// .-/.-/.-/"" _ JET BOUNDARY ~/ // ./----- ~ ,/ // .-/,.-/' ___ ------------- _- INTERNA /. // /' """" L CURVE 
, //;/' .-/______ JET SH D 






------- '"'I = 1.2 
----- '"'I = 1.3 
'"'I = 1.4 
01 ! I • I I I ! I • I • I 
o 2 3 '4 5 6 7 8 9 10 
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FIGURE 3.2 EFFECT OF THE GAS SPECIFIC HEAT RATIO ON THE STRUCTURE 
OF THE FREE JET NEAR FIELD AS PREDICTED BY THE METHOD 
OF CHARACTERISTICS ANALYSIS FOR: Me=1.0, Pc/Pa=40.0 
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FIGURE 3.3 EFFECT OF THE GAS SPECIFIC HEAT RATIO ON FOUR FREE JET AXIAL FLOW 
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MACH DISK POSITION GIVEN BY THE I 
FOLLOWING [QUA TlON FROM REF. S-4-1 
- :::: 1.38 Me 1'-Zmd ( pe)Oo5 Re Po 
WHERE Pe/Po IS GIVEN BY: 
Pe _ Pc [ (1'-1) 2J -?/(?-t) 
- - 1 + - Me Po Po 2 
JET PRESSURE RATIO Pc/Po 
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I' - 1.3 
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FIGURE 3.4 INFLUENCE OF THE JET PRESSURE RATIO ON THE 
POSITION OF THE FIRST FREE JET MACH DISK AS 
PREDICTED BY LEWIS AND CARLSON'S CORRELATION 
EQUATION FOR: Me = 1.0; Y = 1.2 , 1.3, 1.4 __ ... __ ---..;; __ ,~.-.;...;. _..:..,;.._ ..,;;:.... __ • __ 0 __ - _______ , ____ , 
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SCALE - 2x FULL SIZE 
DIMENSIONS - MILLIMETRES 







THE CONVERGENT NOZZLE WITH A 3.12mm DIAMETER THROAT 
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PLATE MATERIAL - MILD STEEL 
,--_ PLATE PRESSURE TAPPINGS - 1.5 AT PITCH 3.175mm (0.125") 
SECTION A-A 
< TAPPING ORIFICE - DIA. 0.3Smm. DEPTH 1.0mm 
-----------
--------
SCANIVALVE 'TUBULATION' (SCANCO# TUBN-063-1 ") 
BONDED INTO THE PLATE WITH HIGH TE~PERATURE 
CYANOACRYLATE ADHESIVE (LOCTITE IS407) 
a) DRAWING OF PLATE SHOWING TAPPING ARRANGEMENT b) ENLARGED DRAWING OF A PLATE PRESSURE TAPPI~G 
FIGURE 4.4 THE PRESSURE TAPPED FLAT PLATE 
¢ 4 i' ie, l 
FIGURE 4-.5 VIEW OF A DISPOSABLE PITOT PROBE 
FIGURE 4. ;00 VIEW OF THE PITOT PROBE HOLDER 
\ TUBr TO f'RE';';URl TRAN'"iDUCER 
BASE PLATE 
DISPOSABLE PROBE 
















a) PROBE HOLDER GENERAL ASSEMBLY (SCALE 1/3 x FULL SIZE) 
DISPOSABLE PROBE 1.43 LOCKING GRUBSCREWS 
--+--
SECTION 8-8 
b) PROBE HOLDER NOSE CONE DETAIL (SCALE FULL SIZE) 
SCANIVALVE NYLON TUBING (SCANCOI NYlN-063) 
SCANIVALVE SPRING CLAI.4P (SCANCOI NYCLMP-063) 
SCANIVALVE 'TUBULATION' (SCANCOI TUBN-063-1") 




60mm '\; ____ ---
c) DISPOSABLE PROBE DETAIL (SCALE 5x FULL SIZE) 
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FIGURE 4 .. 6 VIEW OF THE UNIVERSAL TEST STAND SHOWING THE CONFIGURATION 
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SIGNAL AND POWER CABLES 
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SUPPLY PIPE ~ 
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TRANSDUC(R COOUHG WATER 
SUPPLY AND RETURN PIP(S 
PRESSURE TAPPED fLAT 
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SCALE C\oj 
FIGURE 4.9 DRAWING OF THE UNIVERSAL TEST STAND SHOWING THE CONFIGURATION 


























PLATE INCLINATION = 90° PLATE INCLINATION = 60° PLATE INCLINATION = 30° 
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FIGURE 4.11 SIDE ELEVATION DRAWINGS OF THE FLAT PLATE TRAVERSING ASSEMBLY 
PROBE PRESSURE TRANSDUCER 
IN HOUSING 
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WATER COOUED CHAMBER 
PRESSURE TRANSDUCER 
FIGURE 4.12 DRAWING OF THE UNIVERSAL TEST STAND SHOWING THE CONFIGURATION 
FOR A TEST TO MEASURE THE PITOT PRESSURE IN THE ROCKET EXHAUST 
o 10 .0 
b=-==-t- ~ 
SCALE C~ 
a) RUN MODE - MOBILE DUCT IN POSITION 
b) ADJUST MODE - MOBILE DUCT REMOVED 
flCURE 4 13 Vlt~WS OF THE VENfILATIOi\ 515Tf-M 
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CYLINDERS OF CO~PRESSED NITROGEN 
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GAS SUPPLIES SUPPLY SELECTION REGULATION FLOW CONTROL COLD JETS 
FIGURE 4.14 SCHEMATIC DIAGRAM OF THE COLD JET SUPPLY SYSTEM 
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ADJUSTABLE PRESSURE REGULATOR 
(OUTLET: 0-1 MN/m 2 ) 
FIGURE 4.16 
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DIAL PRESSURE GAUGE 
(0-1.4 MN/m 2 ) 
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JL 0-5V DC 
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SOLENOID DRIVE ELECTRO~,ICS 
WITH ~ICROCO~PUTER INTE RF" ACE 
AND ~ANUAL OVERIDl 
SCHEMATIC DIAGRAM OF THE PNEUMATIC RAM CONTROLLER 
FIGURE 4-. '7 VIEW OF THE COLD JET SUPPLY SYSTEM CONTROL PANEL 
AND THE HIGH PRESSURE NITROGEN GAS CYLINDERS 

r---- FIRST CONCAVE MIRROR 






FIGURE 4.1 9 
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KNIFE EDGE CUTOFF 
(SCHLIEREN ONLY) 
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COMPUTER INSTALLATIONS ON 
SECOND FLOOR or ENG. BLDG. 
DISK DRIVES TAPE DRIVE 
(1 Mb/USER) (20Mb/TAPE) 





FIGURE 4.20 SCHEMATIC OF THE SYSTEM USED FOR OBTAINING AND PROCESSING PRESSURE DATA 
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16 ANALOGUE TO 
DIGITAL INPUT 
CHANNELS (ADC) 
2 DIGITAL TO 
171 K BYTE 
FLOPPY DISK 
DRIVE 




DISK DRIVE BUS 
-" BIDIRECTIONAL LINK TO VDU 
BIDIRECTIONAL LINK TO PACX 
TO LAB. SERIAL PRINTER 
f----?--- (OCCASIONAL USE ONLY) 
OUTPUT TO SOLENOID DRIVE UNIT 
INPUT NOT USED 
FROM 16 CHANNEL PRESSURE 
TRANSDUCER AMPLIFIER UNIT 
ANALOGUE OUTPUT ~-~--- TO DISPLAY OSCILLOSCOPE (X,Y) 
CHANNELS (DAC) 
SCHEMATIC DIAGRAM OF THE ~.1ICROCOMPUTER 
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SCHEMATIC DIAGRAM OF THE PRESSURE MONITORING SUBSYSTEM 
FIGURE 4.25 







- THE TRANSDUCER CAVITY VOLUMES (V) ARE IN CUBIC MILLlMETRES 
COMBUSTION CHAMBER PRESSURE TRANSDUCER 
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TRANSDUCER CAVITY 
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V = 200 
TRANSDUCER CAVITY 
V = 40 
SCHEMATIC DIAGRAM OF THE PRESSURE TRANSDUCER CONNECTING TUBE GEOMETRIES 
~WTE - PLEASE REFER TO TEXT FOR COMMENTS ON THE VALUES OF RESISTORS Rt, Rb &: Rs 
POWER SUPPLY 
(10 VDC) 
SHUNT CALIBRATION CIRCUIT 
Rs 
r--------------.., 
• , • /1, ,.,. 
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•• ' I I V 
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BRIDGE BALANCE CIRCUIT I TRANSDUCER BRIDGE CIRCUIT L ______________ ...I 
--- -- -- _. + • 
OUTPUT SIG~~AL 
(TO A~f'L f IER) 
FIGURE 4.26 . SCHEMATIC DIAGRAM OF THE ELECTRICAL CONNECTIONS TO A PRESSURE TRANSDUCER 
NOTES THIS DIAGRAM SHOWS THE ARRANGEMENT FOR A SINGLE AMPLIFIER 'CHANNEL' ; EVERY TRANSDUCER REQUIRED A SEPARATE CHANNEL 
TRANSDUCER 
THE POWER SUPPLY, NULL ADJUST & FREQUENCY COMPENSATION CIRCUITS OF EACH OP AMP HAVE BEEN OMITTED FOR DIAGRAM CLARITY 













































SIMPLIFIED STATE DIAGRAM OF THE 
TRANSIENT SIGNAL CAPTURE PROGRAM 













8 BIT MEMORY WORD (I.." 1 BYTE) 
r- - START OF DATA REGIONS 
REGION NOT USED 
CROMEMCO DISK 
OPERA TiNG SYSTEhC 
(COOS) LIBRARY ROUTINES 
PROGRAM WORKSPACE 
DISK INPUT-OUTPUT 
fo--------- ____ SUBPROGRAM 
GRAPHICS DISPLAY 
SUBPROGRAM 
TRANSIENT SIGNAL DATA 
TRANSIENT SIGNAL CAPTURE AND 
RIG CONTROL SUBPROGRAM 




CAUBRA TiON DATA 
1-- ------- "- -
CONFIGURA TlON 
SUBPROGRAM 
ZERO OFTSET DATA 
MAIN PROGRAM 
PROGRAM 
GLOBAL PROGRAM VARIABLES 
COOS VECTORS AND I/O BUFFERS 
(0) SYSTEM ADDRESS SPACE (b) PROGRAM ADDRESS SPACE 













ASSIGN DErAULT VALUES TO THE GLOBAL PROGRAM 
VARIABUS AND DATA BurFERS 
OUTPUT A 'PROMPT' TO THE VDU SCREEN INVITING THE 
PROGRA~ OPERATOR TO ENITR A COMMAND 
READ CO~MAND UNE FROM YOU KEYBOARD WHEN TYPED 
BY THE PROGRAM OPERATOR 
EXTRACT F1RST lETTER rRO~ COMMAND UNE FOR 
COMMAND DECODING 
Y CALL CONFIGURA TON 
FLOWCHART or 
SUBPROGRAM 
CALL ZERO a: CAUBRAnON 
SUBPROGRAM 
CALL SIGNAL CAPTURE &: 
RIG CONTROL SUBPROGRAM 
CALL GRAPHICS DISPLAY 
SUBPROGRA~ 
CALL DISK INPUT-OUTPUT 
SUBPROGRAM 
CO~MAND REJECTED - WRITE 
ERROR ~ESSAGE TO VDU 
THE MAIN PROGRAM IN THE 
--- -_. --- ~---.- ----~ --- - --
MICROCOMPUTER DATA CAPTURE PROGRAM 




INITIALIZE A 'LOOP COUNTER' WITH THE TOTAL NU~BER 
or DA T,4 CAPTURE AND RIG CONTROL CONfiGURA nON 
VARIABLfS TO BE ENTERED THE PROGRA~ OPERATOR 
INITIAUZE INDEX POINTERS TO FlRST ENTRIES IN 
TABLfS CONTAJNING' 
0) DESCRIPnONS or CONFIGURATION VARIABLfS 
b) ~IN_ AND ~AX. VALUES rOR VARIABLfS 
c) CURRENT VALUES ASSIGNED TO VARIABLfS 
USE INDEX POINTERS TO ASSEMBLf A MESSAGE UNE 
CONTAINING THE VARIABLE DESCRIPnON, IT'S MIN. MAX 
AND CURRENT VALUES 
WRITE MESSAGE UNE TO VDU TO PROMPT THE PROGRAM 
OPERATOR TO ENTER A VALUE FOR THE VARIABLE 
READ NEW VAWE FOR VARIABLE FROM YOU WHEN 
ENTERED BY PROGRAM OPERATOR. A CARRIAGE 




CHECK THAT NEW VALUE FOR VARIABLE IS WITHIN 
VAUD RANGE (i.e. BETWEEN MIN AND MAX VALUES) 
OK? N I WRITE ERROR MSG. TO VDU I - VALUE TOO SMALL/LARGE 
Y 
SAVE NEW VALUE FOR VARIABLE IN TABLE OF CURRENT 
VALUES. AND MAKE CONSEQUENTlAL CHANGES (IF ANY) 
TO !.fAX AND CURRENT VALUES OF VARIABLES WHICH 
FOLLOW. (e.g. SINCE TOTAL RAM ME!.fORY IS CONSTANT. 
USE OF FEWER ANALOGUE INPUT CHANNELS ALLOWS FOR 
MORE READINGS/CHANNEL, AND VICE VERSA). 
DECREMENT 'LOOP COUNTER' AND TEST IF' ZERO 
ZERO? N J INCREMENT INDEX POINTERS I FOR NEXT VARIABLf 
Y 
RETURN 
FIGURE 4.31 FLOWCHART OF CONFIGURATION SUBPROGRAM 
---- -- - ---- -- --~ -- --~-- - - --- --
-
----tN MICROCOMPUTER DATA CAPTURE PROGRAM 
-'\:.--
C ST~~~--
CLEAR VOU SCREEN AND WRITE CAPTIONS FOR A 
CONTINUOUSLY UPDATING DISPLAY or DATA VALUES 
TO BE OBTAINED FROM THE AID INPUT CHANNELS 
READ SPECIFIED SET or AID INPUT CHANNELS AND 
STORE VALUES IN A TEMPORARY BUFFER 
DISPLAY VALUES IN TEMPORARY BUFfTR ON THE 
OSCILLOSCOPE IN A BAR-GRAPH rORMAT 
DISPLAY VALUES IN TEMPORARY BUFfTR ON THE YOU 
SCREEN rORMATED AS A COLUMN or NUMBERS 
(OLD NUMBERS ARE OVER-WRlmN) 
TEST YOU KEYBOARD rOR TYPING BY PROG. OPERATOR 
Y 
OBTAIN ZERO OFFSET DATA: 
READ SPEClnED AID INPUT 
'( CHANNELS AND STORE DATA 
'Z'? IN THE ZERO OFFSET DATA 
REGION; AND THEN WRITE 
N 
'ZERO OAT A COLL£CTED' 
MESSAGE TO YOU. 
OBTAIN CAUBRATION DATA 
READ SPEClnED AID INPUT 
'( CHANNELS AND STORE DATA 
'C'? IN THE CAUBRATION DATA 
REGION; AND THEN WRITE 
N 
'CAUBRATION DATA COLL-





FIGURE 4.32 FLOWCHART OF ZERO AND CAL SUBPROGRAM ~~--~~~-----------------
IN MICROCOMPUTER DATA CAPTURE PROGRAM 





SUBPROGRAM INIIIAUZA liON 
- riLL A LOOK-UP TABL[ WITH THE RIG CONfROL DATA 
- CONriGURE SIGNAL DATA REGION AS A RING BurrER 
- INITIAUZE POST-TRIGGER LOOP COUNT 
- 'RESET' SOflWARE TRIGGER rLAG 
PAUSE UNTIL HARDWARE 
TIMER SIGNALS THE END 
or THE TIME PERIOD 
I START/RESTART HARwARE INTERVAL TIMER BY LOADING IT WITH THE LOOP TIME PERIOD REQ'D 8'1' PROG. OPERATOR 
f 
mCH RIG CONTROL DATA (1 BYTE) FROIol LOOK-UP 
TABLE AND OUTPUT IT TO PARAUEL DATA PORT 
l READ SPECIFIED SET OF ANALOGUE INPUT CHANNELS AND STORE THE VALUES IN THE RING BurrER 
r EXAMINE THE STATUS or THE TRIGGER FLAG 
TEST IF VALUE OBTAINED ON 
N 
ANALOGUE INPUT CHANNEL 
TRIGGERED? USED FOR TRIGGERING IS ~ 
TO TRIGGER L£VEL REQUIRED 
'I' 
BY PROGRAIoI OPERA TOR 
~? N 
Y 
J 'SET' TRIGGER FLAG TO 
1 INDICATE TRIGGERED STATE 




TRAP OUTSTANDING SIGNAL FROIoI HARDWARE nloIER 
REARRANGE STORAGE ORDER or TRANSIENT SIGNAL DATA 
IN THE RING BurrER TO SIMPUrf SUBSEQUENT ACCESS 
TO IT BY THE DISPLAY AND DISK I/O SUBPROGRAMS 
I 
RETURN 
FIGURE 4.33 FLOWCHART OF SIGNAL CAPTURE SUBPROCRAM 
-------------





-~L£AH "DlU SCRElN AND wrllJE CAP~,ONS 
0) DATA CAPTURE YARIAHLES 
b) GRAPHICS DISPLA'f' VARIABLfS 
rOR 
WRITE VALUES or DATA CAPTURE VARIABLfS TO 'IOU 
WRIT[ VALUES or GRAPHICS DISPLA'f' VARlABLES TO 
'IOU. (OLD VALUES ARE OVER-WRITTEN) 
DISPLAY TRANSIENT SIGNAL DATA POINTS rOR SELECTfD 
CHANNEL ON OSCILLOSCOPE. (i.e. rETCH DATA FRO.., 
ME..,ORY AND OUTPUT TO THE DAC'S) 
HALVE NU..,BER or POINTS 
IN SCOPE DISPLAY 'WINDOW' 
DOUBLf NU..,BER or POINTS 
IN SCOPE DISPLAY 'WINDOW' 
SCROLL SCOPE DISPLAY 
'WINDOW' TO LEFT 
SCROLL SCOPE DISPLAY 
'WINDOW' TO RIGHT 
SELfCT NEXT CHANNEL 
or DATA rOR DISPLAY 
SELfCT PREVIOUS CHANNEL 
or DATA tOR DISPLAY 
FLOWCHART OF GRAPHIC DISPLAY SUBPROGRAM 
-~------- -------
IN MICROCOMPUTER OA fA CAPTURE PROGRAM 
-- -- - --- ---- ~-
FIGURE 4.35 
CHECK CO~~AND UNE rOR PRESENCE or FlUENA~E 
(FlUENA~E SPECIFIED WITH 'W' OR 'R' CO~~AND) 
OK? WRITE ERROR ~ESSAGE TO 
VDU - nUENA~E ~ISSING 
CHECK THAT FlUEHA~E IS IN CORRECT FOR~AT 
WRITE ERROR ~ESSAGE TO 
VDU - F'OR~AT INCORRECT 
SEARCH THROUGH DIRECTORY OF flUES OH FlOPPY DISK 
FOR PRESEHCE OF SPECIFIED FILENA~E AHD SAVE THE 
STATUS, (i,e, NA~ED FlUE IS 'FOUHD' OR 'HOT FOUND') 
CHECK THAT REQUESITD DISK I/o OPERA nON IS UEGAL 
(I.e, FILES WHICH DO HOT EXIST CAHNOT BE READ. 
AND flUES WHICH EXIST WIU NOT BE OVER-WRlillN 
OR APPEHDED BY THIS PROGRA .... ) 
WRITE ERROR .... ESSAGE TO 
VDU - IU£GAl I/O OP. 
'OPEN' DISK flUE WITH SPECIFIED NA .... E 
WRITE/READ DATA rRO~/TO RA ........ E~ORY TO/FRO~ 
FLOPPY DISK flUE IN FOUOWING FOR~AT: 
0) DATA CAPTURE VARIABLES 
b) ZERO OFfSET DATA 
c) CAUBRAnON DATA 
d) TRANSIEHT SIGNAL DATA 
'CLOSE' THE DISK FILE 
CHECK STATUS CODES FRO .... DISK I/O OPERATIONS 
Y 
N WRITE FAILURE REPORT TO 
VDU - e,g, DISK IS FUll 
C~OWCHART OF DISK_I/~CL~UBE_RQGR8M IN 


































FIGURE S-... 2 NOMENCLATURE FOR IMPINGING JET TEST CONFIGURATIONS 

















































































6.5 PROPELLANT - TYPE 670 
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TIME (sec) 
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I 
U 0.0 ~~~-t-~~--- • ~-~~~-.~~. ·~-1~~ ~~~~~~--t~~ 0 
0.0 5.0 10.0 15.0 20.0 2", .0 30.0 
TIME (sec) 
FIGURE ~ 6 SAMPLE RECORDING OF THE AIR JET SETTLING CHAMBER PRESSURE 
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~~~ 101~ Impingement Test ~Ith Rocket Motor 
De=3.12[rnm) Zp/Re=10.00 Op=90.00[degJ W=90.00[degJ '-xp/Re=.00 N.jp/Re=-1.28 PQ=1~.88[psll rQ=2_~~0_~[d('g KJ J 
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PITOT PRESSURE DISTRIBUTION WITH JET PRESSURE RATIO FOR: f~e= 1.0 
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FIGURE 6. 3 
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FIGURE 6. 4-
Zpt/Re 
COMPARISON OF PITOT PRESSURE DISTRIBUTIONS ALONG AXES OF FREE AIR JETS 
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FIGURE 6. 9 
, 
, 
o ROCKET JET 
o NITROGEN JET 
I • I I , 1 I , 
;, 
.. - - - - - - - - [ ?\ 
.) . ,
Zpt/Re 
COMPARISON OF PITOT PRESSURE DISTRIBUTIONS ALONG AXES OF 
FREE ROCKET AND NITROGEN JETS FOR: Me= 1.0, Pc/Pa=40,O 
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FIGURE 6. to COMPARISON OF PITOT PRESSURE DISTRIBUTIONS ALONG AXES OF 
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AIR JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSURE 




























SpIRe x10- 1 
AIR JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSURE 




















Zp/Re x10- 1 -.5 
.0 
SpIRo xl0- 1 
5.00" .0 
FIGURE 6./3 AIR JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSURl 
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AIR JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSURE.: 
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FIGURE 6.15 AIR JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
DISTRIBUTION WITH PLATE POSITION FOR: Me= 1.0J Pc/Pa=5.0J 8=90.0 0 
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FIGURE 6./b AIR JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
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FIGURE 6.171- AIR JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
DIS T R 18 UTI 0 N WIT H P LA T E PO SIT ION FOR: Me = 1 .0 J Pc / P a = 1 5. 0 1 8 = 90. 0 0 
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FIGURE 6. ,g AIR JET IMPINGEMENT -- CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
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FIGURE 6.21 AIR JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 






















~ .\~ , 
! 
~ 




______________________ --.381 ' 
- __________________ .3:11 -
:jiiiii~~iiiii!·~iee~iiiiiiiiiiii~iiiiiiii~iiiii·~i·ieiiiiiiiiiiiiiiiiii~ 2 .4~ .451 ,." . .-'8 , 1 ~~:::::.-_+_~--=:;:S~~ 
-\ .0 -.8 -.6 -."t -.2 .0 .2 ."t .6 .8 ,13 
SpiRe xlO- 1 
FIGURE 6.24- AIR JET IMPINGEMENT -- CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
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FIGURE 6.2C; AIR JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
DISTRIBUTION WITH JET PRESSURE RATIO FOR: Me=1.0, ZpLRe=20.0L 0=90.0° --~------
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FIGURE 6.J.(, AIR JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
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LAMONT & HUNT (REF.37) - TEST WITH ACOII~TIC nAMPING 
DONALDSON & SNEDEKER (REF.2S) . i _ <-
e () THIS STUDY TESTS WITHOUT ACOUSTIC DAMPING 
6ri~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
5 










3t I /; / \ \ 
\ 
2 ~/ ;' '\ ", I \.....Q ___ ec::::- __ ---:. -.L _ _ _ PO/PC " ,~----- '\~~ -- --------~--~-. --:::::........ ~ "1"""",""""" 
SpIRe 
0, I. t I , • I • I • I t j 
-5 -~ -3 -2 -1 0 2 3 ~ 5 
FIGURE 6.2'1 COMPARISON OF AIR JET IMPINGEMENT FLAT PLATE PRESSURES OBTAINED 
IN THIS STUDY WITH THOSE OBTAINED BY DONALDSON & SNEDEKER AND 
LAMONT & HUNT FOR: Me=1.0z Pc/Pa=6.758, Zp/Re=14.64, 0 =90.0° 
, .8 
, .6 































.50 S p / Rex 1 0 -1 
FIGURE 6.30 NITROGEN JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSURE 








.9 I 0 IIIIIIIIIIIIIIIIIII~~ f-.9 
-x 
U 
















I '"" ~ • ::J I NIT R 0 G E I'~ JET H ~ PIN GEM EN T - ISO MET RIC P LOT 0 F V A R I A T ION 0 F F L i\ T P LA T E PRE S S U I~: E 
DISTRIBUTION WITH JET PRESSURE RATIO FOR: Me = 1 .0 , -~R / ~e = 1 O. 0 -1 J}_ ~ U_.~o 
1 . ~ 

















Pc/Po x10- 1 .50 SpIRe x10- 1 
5.00 
["IGUR~ 6. ~l r~ITROGE~~ JET IMPII~GEMENT - ISOMETRIC PLOT OF VARIATIOij OF FLAT PLATE PRESSU~~ 
~----- -
D 1ST RIB UTI ON V II T H JET PRE S SUR ERA T I 0 FOR : ~ 11 e = 1 . OJ Z R / R ~ __ ZiLQL_ (}: ~~ 0 . 0 0 
FIGURE 6.31 
1.6 











Pc/Po x10- 1 
IIWIINJlrN/~ 
HI rNJ III f'NJ I fW NJ ~ 
1.00 






I- 1 .2 






SpIRe xl0- 1 
~'~ITROGEI~ JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSURE 
DIS T R 18 UTI 0 N V / I T H JET PRE S SUR E RAT 10 FOR: Me = 1 . 0) _ Z plB e = 40. 0 1 O=C]O,O o 
5.3 
\ 
• .53-1 \j 
1i , N 1 -_ .. an1. W CD 
~ .0'1 




J\ \ \\ \~U\~\\J ~ \;111111111111//1/1////\ \\\\\\\\\\\\\\\111111111 i II) ~ ~/ 
o J.S 
a.. 






2. ;:'0 \ ==-- - e">!1 ----/ '-..... II A \\\\ 1111 ttl l IIIIIIIIIIIIUII( IIIII 4' \ \ \\\~ \\~\\IIII1I1I1I1I\ vl/L \ ,-------r ~ - -;= ; --. 
I 
-1 . S0 -\ .00 -.50 .00 .50 1.00 , . c,;l 
SpIRe x10- 1 
FIGURE 6.34- NITROGEN JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
DISTRIBUTION WITH JET PRESSURE RATIO FOR: Me=1.0, Zp/Re=5.0, 8=90.0 0 
L .5 
~I ~~ e 
~ 




'"-'3 j --.4 < ,g~1I \ 11111(11111/>",\\\ V -........J' (IIIIC/\\ 11lIjllllllll/ c=:"""( - ~---------
L ,Q I t t 
-1.50 -1 .00 -.50 .00 .50 1.00 




FIGURE 6.35 NITROGEN JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESS~RE 







" u CL 
~----~------~~r-~--~~-----L/7--~'~--~T'I---rrl'I~~-j~If--L-----~------~ > < 5.~~ 
.... 5 ~ I ~ ~ ~ 
.... 21 
3.5 
a. 's '~ 




~ 'Aa\ - ,II~'~ ~ 1111I111"llI(~~.J2:5----Lc>=->\\\\\lI111111 ~ ~ • IC.J I i 
-1.50 -1 .00 -.50 .00 .50 1.00 , . S~ 
SpiRe xl0- 1 
FIGURE 6. )b NITROGEN JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
DISTRIBUTION WITH JET PRESSURE RATIO FOR: Me=1.0, Zp/Re=20.0L_~90.0o 


















- I -e: i .~1::1""""1 _ 11:'1 ---- \ \ =:....... '>.'\,'\\\\\\ \ \ \ \ \ \ \ \ \ \ \ (L / {lllllllll/l~III[{rL~ 1 ----- .IJ!'>IJ ,- -----r 
-1.50 -\ .00 -.50 .00 .50 1.00 . ::\~, 
SpIRe x10- 1 
NITROGEN JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
• 
FIGURE 6.37 






























~-IGU RE 6. j~ ROCKET JET 1M PINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRES~1J K_E 




































.50 SpIRe xl0-' 
ROCKET JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSURE 
------------- -






Pc/Pc x10- 1 .50 SpIRe x1 0- 1 
5.00 
FIGURE 6.4D ROCKET JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSURE 





1 • '1 





x 1.0 f.l/N/NJlm/HJ~ I- 1 .0 
u 
~ 
"'- .8 Q.. /'IJ'f.I tlJliJ mlNllNI N/ ~ I- .8 ~ 






Pc/Po xl0- 1 .50 SpIRe xl0- 1 
5.00 
~,GURE_ 6.4-1 ROCKET JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSURf 
------- -------
DISTRIBUTION 11/ I T H JET PRESSURE RATIO FOR: ~A e = 1 . 0 L~P / R e _ 40. 0 J (J _ 'j 0 . 0 0 
5.~ 
\. 1\ \\\ 
~ 
\A 
'" • '50--1 \ :-!\ ,; I • I •• I ••••• 
~ ........... 
I. III •• 
~ 
. ........ 
11.' ••• ,. __ I _-. 
I I • . 
..-.-~ --" ...... _ .. _ ..... 
::: '·"1 ~ \J f\\\ v ~nillllll( } I II II Ifl ( ( 
. _.-
• I I ... 
_. __ .... - ~ 









2 . '5 
.: . ~ ~ I ">.. i I \ I \ 'J I ({ /1II1II1ll1L 1lIIUIIjIllVJu//R%~ :lli\\\\\\\ \\\\\\\\\~\\\\\\\\ / i! '\ r;= -- . "'8 -
-\ .50 -\ .00 -.50 .00 .50 , .00 ! .50 
SpIRe x10- 1 
FIGURE 6.4-1. ROCKET JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 







5 .00 I ,I » iii (V ,-
~ 
, 
, II! I I 
-------
..-/ 










2.e~ \ - >! \ ~ 1IIIIIl/fr;»"\."\ y~ /.IIIc->\\\\\\\\\\\\ / ~"-
- \ . 50 -\ .00 -.50 .00 .50 1.00 
SpIRe xlO- 1 
" 
< 
FIGURE 6.4-3 ROCKET JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
DISTRIBUTION WITH JET PRESSURE RATIO FOR: Me=1.0, Zp/Re=10.0 1 0=90.0° 
5 .00 I I I Ii I I == 
~.5 I-" 
'4 .0~ { . / \ "-




3.SUL-O . . I " .... I I I I \ , , ..... \ 0 
Q... 
"" u Q... 
3.0 
~ ~/)( ~.~.e~8e ---------./ / // \ \ \ \ ~\ \ 
r 
~ --- 1/ ) ~ ~ r--... "-. .¢~~"---'",~ /' /1-\ \\\\\~~ 
.2 .S 
ii' r· < ) ,< " 0,)" 2 . e" < l:> I £ < > 
-, .50 -1.00 -.50 .00 .50 1.00 i . ':)~ 
SpIRe xl0- 1 
FIGURE 6.4-lt- ROCKET JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
DISTRIBUTION WITH JET PRESSURE RATIO FOR: Me= 1 .0, Zp/Re=20.0 j 0=_90.0 0 
I 














...:.~~ .........:: I C I Ii (1111 11« <:: ,-::=») ). \;' \il'? '\ '). 
-I .50 -\ .00 -.50 .00 .50 
SpIRe xl0- 1 
\ .00 L .., . 
FIGURE 6. L;..S ROCKET JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
DISTRIBUTION WITH JET PRESSURE RATIO FOR: Me=1.0, Zp/Re=40.0, 0=90,0° 
THESE PHOTOGRAPHS hAVE BEEI'< ARRM,-:;ED SC: THAl 
THE ARRA,(S or PRESS:.JRE TAPPINGS ARE CO-Li'<EAR 
WlTH THE LINES ADJACENT TO -H!S TEJT 
( 1 
(c) TAPPING REGION, (X == 3° (d) L\PPING REGIO~( (l 
CIGURt G .4-( ROCKE 1 










~. I • 
THESE PHOTOGRAPHS hAVE ~EEN ARF~~~~C :: ,~AT 
THE ARRAYS or PRESSJKE TA;::>PINGS ... ~[ C:: -L:',[A~ 
WITH THE UNES ADJAC::: .... T TO -- S E l~ 
(c) TAPPING REGION, (l 
~'I G LH~ ~ ,6. 4-7 f~ 0 C f\ r 1 ~H r I ~ A ~) IN ,1; "j ~ f. I r l .\ I r II .'- : . 
<MJ [) t f) 0 Sir I 0 i\~ f ·0 f) : .. ; ) I f) I ~ 1 (), () " (l q .) . () 
f r ~ , - .; > 












THESE PHOTOGRAPHS HAVE BEEN ARRAN~E) S2 THAT 
THE ARRAYS or PRESSURE TAPPI'<C;S ARE CS-" '<[AP 









(c) TAPPING REGION, - 3° ( d ) T ,\ P PIN G R [ G , 0 N . 
~ I C Uf~ f J[I 




r) l ,'. ' : 
f}-qO,li 







THESE PHOTOGRAPHS HAVE BEEN ARRANGEC SO T~AT 
THE ARRAYS OF PRESSURE TAPPINGS ARE ~J-LiNEAP 
WITH THE UNES ADJACEq ,0 -H.~ TtXl 
(I 
(c) TAPPING REGION, (l (d) TAPPING R[GIOi~, tl - .15° 
~ leu f\ f- C. 4- 9 ROC K t I JEJ 
--- --~n{) I IH flOSlllON 
[' I 
r l /. i 
: OR: 




1 • '50 
, 
r 
o ROCKET JET 
o NITROGEN JET 






----p~~ G-- t5> 0 0 =:::0 =D S 0 -G~-l __ 
.aal I I I I 
- , 5 - 1 0 -5 0 5 1 0 . c: 
SpIRe 
:-IGURE 6.50 COMPARISON OF FLAT PLATE PRESSURE DISTRIBUTIONS GENERATED BY IMPliJGI:J(, 









o ROCKET JET 
" 
.80 










_______ P~PC ~~ ~=D ::::;:R-:::ff:fL 0 _ 0; 
.20 
.00, 1 ,I 1 I 
- \ 5 - \ 0 -5 0 5 1 0 
SpIRe 
FIGURE 6.51 COMPARISON OF FLAT PLATE PRESSURE DISTRIBUTIONS GENERATED BY IMPINGING 


















o ROCKET JET 
o NITROGEN JET 
~ 
1 j 
~~~~ ____________ P~Pc 
'-L, 
.20 
.00. , ! I ! ! 
- \ 5 1 0 -5 0 5 I 0 1 c, 
SpIRe 
FIGURE 6.S~ COMPARISON OF FLAT PLATE PRESSURE DISTRIBUTIONS GENERATED BY IMPINGING 
ROCKET AND NITROGEN JETS WHEN: Me= 1.0: Pc/Pa=40.0, Zp/Re=20.0, e =90.0-
·001r-~--~~~~~~.-~~~~~~~~-,~~~~~~~~-.~~~~~~~~~~~~~~~~~~.-~~~~~~~~~ 
o ROCKET JET 
" 












~e~~~e~o~ ________ P~Pc --~ §=e ~ 
- - - _ __ _ _ _ _ _ =::0 ::fi£L e _----£': 
.20 
.a0, , . I J 
- \ 5 - \ 0 -5 0 5 10 Ie; 
SpIRe 
FIGURE 6.5".3 COMPARISON OF FLAT PLATE PRESSURE DISTRIBUTIONS GENERATED BY IMPINGING 









..- rft!ifJJ.1111111 N 11111111111\ I- 3.00 
x 
2.50 
(J II THJ fJi..IJ /JRj.j}J 11111111 ~~ I- 2.50 0-









Pc/Pa xl0- 1 SpIRe xl0- 1 
"'\.50 1.00 
5.00 
FIGURE 6.~4- NITROGEN JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSU~?E 
" - ---------~- ---









0 1.3 fJ INIIII}J 1IIIIlllllllllillIII NJ 1IIIIIIIIIIW1JY'fIAnn\. f- 1 .3 ~ 
x 
u ' . , I fiJW:J'JJ N'tX1 filii I N 1111 N 111111111l! I11I11II111I N 1IIIIIIIIIIn f- 1 . 1 0... 
"-
.9 0... 










Pc/Po xl0- 1 SpIRe xl0- 1 
5.00 
r-JgURE 6.55 iJITROGEi'J JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATIOiJ OF FLAI PLATE PRlSSURE 





























Pc/Po x10- 1 SpIRe x10-' 
5.00 
~-\GURE 6. sf:, NITROGEN JET IMPINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSURE 
- - --- -----~~- -





"" u Cl.. 
1 5.0t1 C iW'M'iiiiiiii Ii 
•. s~ \ 1laJlllllllllln \ 11111111111 I I,' 
.. ~j !~\ II i \\\~iiiiiliiiH If I Ii/In n ~~ '" I ~ ) ! . ~ / ~ 
'.S 
3.0 ! I 







~ . ~~0-. ---,----r:-~-dJ 
.' ;~ .c , " 
- .. -\ .00 -.50 .00 .50 , . ~j~) .5,' 
SpIRe )(10- 1 
~ -I G U ~ ~ 6. S t, ~ j IT R 0 G [ I ~ JET IMP I N GEM EN T - CON TO U R P LOT 0 F V A R I A T lOt j 0 F F LA T P l /\ rEP RES S U K E 
--. - - - ----- - -- ---- - - .---. -
































. ~0 L 'I I I! 11111\ 0\\\'\>'" > { " I ( ~ y\ --,.-___ ~_ 
- 1 .50 
FIGURE 6.5'1 
-1 .00 -.50 .00 .50 1.00 
SpiRe xl0- 1 
::- . 
). 
NITROGEN JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
. --~.--



















"\ .0 ,.-' 











,.00 4' ' '.' """'11""",< '''''>''''»?,).) \ '\ ), '\ I' ;=-: C r / <' " r' C / y:= \ 
- 1 • '50 -1 .00 -.50 .00 .50 1.00 : .5,' 
SpIRe xl0- 1 
rlGURE 6.fP NITROGEN JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
















.: • '5 




-1 .00 -.50 .00 .50 1.00 -:'llo 
SpIRe x10- 1 
NITROGEN JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
DISTRIBUTION WITH JET PRESSURE RATIO FOR: Me=1.0J Zp/Re=40.0 J 8=45.0° 
0 
:::: ~ C· S0 2.00 
.-
x 









Pc/Po xl0-' SpIRe xlO- 1 
1.00 
5.00 
~ \ G U R E ~. b 2 ROC K E T JET IMP II~ GEM E NT - ISO MET RIC P LOT 0 F / A R I A T I 0 I j 0 F F LA T P LA T t P f\ r s s U :,: r· 
-~~--




~ rM\YmJjII/i{IIIIII~ \ 
1 • 1 , I "'-II"\.I I I \ II ''II II11 \llllllllllll'llIIl.I"'-- , 
1 • 1 


















SpIRe xl0- 1 
Pc/Po x10- 1 
1.00 
5.00 
~- \ G U R ~ 6 . f; -:5 
ROCKET JET \I,\PINGEMENT - ISOMETRIC PLOT OF VARIATION OF FLAT PLATE PRESSU~E 
DISTRIBUTION I, ITH JET PRESSURE RATIO FOR: t~e=1.01 
~ -~-













"-a. fiY.liJ'I.J N 'fIXN N~ JIXX:j lIN I'IJ'JJ II ~ I- .7 
a.... 
.5 










Pc/Pc x10- 1 SpIRe x10- 1 
5.00 
r\GUR~ ;, (:'0- ROCKET JET \~~PINGE~~ENT - ISOMETRIC PLOT OF VARIATIOil OF FLAT PLATE PRESSUi,:[ 






I \/ I I V I V Y \ /'\ I "'1\ 
11.0 
IV /\1 Y N IV Y\/\/ ~I< 
9.0 
C'I J 1'fIX!IJ{jJ'fN0j~ I- 10.0 
0 8.0 
x -1 NXN N N N M/yXXJJ ~ /--9.0 
u 7.0 
c... 
-1 JXx!{ N'/J'IXJ'f/ N'/J'f!'fXX}J ~ /--8.0 
""'- 6.0 0.. 
c... ~ r 7 . 0 
5.0 -
I ....- \ .. ".A '\...1'\ ~" ..II( \ ....... ,\..,0IIII: '\J "I 'of A F 'wi I • A. I V I 1. I '" I V r-- I I V I A /\ I I "'" X ... " ~"\ ~ 
6.0 
III M'I.-'(.. '0.X\X\X'0X\XV NX N XI lVY XI N lv' X N fY N X' Y ~ ~~ 
1.0 
I • I •• I .... '\..Jr '\. " ....-,.--.. ..... '\. 'to. .... " • '-J r.., .. , Y A f ", \.J .. J l'of '" '"' I \.., I '" f'J A V ,....."" _ "' ..... ~ " ............... 
5.0 
IIIIIIIII~~X /'iN XJ'i I'i XN I'i I 'IVY XIV N ~~~ 
3.0 
2000~ ro0 3.0 
2.50 
3.00 
~ ~:11lJ IIIIIIII~ 
-.50 
Pc/PO xl0- 1 
1.00 
SPiRe xlO- 1 
5.00 
FIGUqE C.GS ROCKET JET p~ PI NGEM ENT - ISOMETRIC PLOT OF \/ ARIA TION or FLA T PLATE PRESSURE 
-~ ,.-~-- - --- ------ --_ .. 
DIS T RIB UTI 0 ~ ~ '/ y I T H JET PRE S SUR ERA T I 0 FOR: M ~ 1.0) Z P / }~ /~ rJ. OJ 8 = 0 ~- '-' 
s.a 
.J 
I I I ~. I I ~ I I~ 
r 















'!; ;; ~ 
: 













0 :; . '5a~ 
'"' 
I 
"'- ~"', u 1 ~ 
I 
~ . a;}----l 
~ 
\ 
"-\ ,\ / 
I "-. 
i . '- ~-~ 
I 
U, 111\\\\ :>- (t I \ll I \\ \ \ 11\\\1 \ 1 ) 
, \l .f' ('\ \ . L/"'-.. I '\ " 
-1 -~ . ~;j -<=>- L=:-:"""" 1 .c :">.- c: ). I "\. 
-1 . '50 -, .00 -.50 .00 .50 , . l1; ~ c:;;' 
SpIRe xl0- 1 
;:-IGUR~~ 6.lG ROC K E T JET I ~ ~ P I N GEM EN T - CON T 0 U R P LOT 0 F V A R I A T I 0 I~ 0 F F L;\ T ~J L;\ rEP RES S U ,R ~_ 
- -- -~---- --- - -




















.. JJ I 
J , 
~ , := 2-
) 7' 
.:.?2 ), 
- 1 , '5~ 
~·I~URE 6.G7 
-----
I j I t iiiihiililli \\(( ti I itt 
~ 
g 






~ IV /''\ 
"'/ ~ 'll . 
, I 
/ 





.~. f\ L.--- . 
I , e~.' 
SpIRe xlO- 1 
ROCKET JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSUR~ 
.. -~- -~---- --- ---










5.3 <:? " > '. 
\ 
-1 
\ } I ~ 
•. 51 J ~ 1 
4 .a0~ ~ 




I I I \ 1\ \ \ \ \ '---'" ---........ , 




) l \ \ \ I 
~ 













.: .2J2J I--==-==;,/ I I I I I I III I I --" ( '> )" '>" ,,\ I t ).\'>. '>.\\). \ .c: 1 =:........... 
-\ .50 -\ .00 -.50 .00 .50 1 .00 S,' 
SpIRe xlO- 1 
FIGURE 6."~ ROCKET JET IMPINGEMENT - CONTOUR PLOT OF VARIATION OF FLAT PLATE PRESSURE 
'-'-- ---- -






















: .. 5J 






-. 1"4_~ ncr::::=-:==::; 4 I C I ,r ( ( { { (),:;::,.. \ '" '> '\ \ \. " '> " 
. ~ <.; ! 1 I J I I I I 
-; • <)~ - 1 .00 - .50 .00 .50 1 .00 <':" • . ). 
SpIRe xlO- 1 
~-II_;URE 6.b0 ROC K E T JET IMP IN GEM EN T - CO NT 0 U R P LOT 0 F V A R I A T ION 0 F F LA T P L!\ T E PRE S ~~ I J R f-






THESE PHOTOGRAPHS HAVE BEEN ARRAN~E~ SO THAT 
THE ARRAYS OF PRESSURE TAPPINGS A;;:[ CO-LINEAR 








(c) TAPPING Rt:GION, ex (d) T.'I.fTI\;C Rt:GIOk 
J l I r l /. ' 




(r;) CO~..iPI F fl f'LAll. I ) 








THESE PHOTOGRAPHS HAVE BEEN AR~~ ;f: ~2 T~AT 
THE ARRAYS OF PRESSURE TAPPIN'::;~ AR[ ;:: -L 'irt." 
WITH THE Li"'ES A('jA 'NT TC -,.J S T:'~ 
(c) TAPPING REGION. ex - 3 0 (d) T:,YPI~G RlGION . 
. . 
J f 1 , ' 
! • 
, ' 




~ I l /, , : 
1 ( 
" 








/ t, .- . . " 
THESE PHOTOGRAPHS HAVE BEEN ARRP,:.;t:~ S~ ~hA· 
THE ARRAYS 0, PRESSURE TAPPIN~:'; ARE -;0 c "'~A;( 
WiTH THE LiI'<[S ADJACENT TO -H: F t' 
( r 
( C) TAP PIN G REG ION. 0: .- 3 0 ( , i ) 1 ,\ P P I ~ G R LC, ION, ' 1 
G -7~) J L. ROCKL J J f J 
r 
.. 
f L .\ I 
, c 0 
... ) 
; ) l " : ; 
, ' ' 
(I]) C (H..-I P l ErE ~) L A I L , 
- :3 
THESE PHOTOGR,4.PHS HAV~ BEEN ,4.RfU,N:;t, S: -H,," 
THE: ARRAYS OF P"ESSUR[ TAP?;-,:;S A~~ CC·-L-.rA~ 
W.TH THE L;-.ES ADJAC['<T ~C' -" S TE'~ 
(c) TAPPING REGION, C( 
J: I 
-"""' t':: (n) i I H PO S I : I 0 1\ (0 f·! : t" I' 







o ROCKET JET 







~eaBM§~o~oeg~~~~ ___ P~PC 
.00. . I I • I 
- , S - 1 0 -5 0 5 1 0 
SpIRe 
~s _.' ',;..,~. n;... ~"C_j .:.~ ... -~~ 
G> 
. ~,U RE 6.74- COMPARISON OF FLAT PLATE PRESSURE DISTRIBUTIONS GEN ERATED BY IMPI NGU J(' 
-- ~~-- ---
ROCKET AND NITROGEN JETS WHEN: Me=1.0, Pc!Pa=40.0 J Zp/Re=5.0 1 O=4S.U 
., 
2.00~1 --~~~~~~~~~~~~~~-'~~~~~~~-r~~~~~~~-'~~~~~~~~~~~~--~~; 
o ROCKET JET 
o NITROGEN JET 
1 • '50 
o 
." 





~eea-..£1B~Onn n-fjaBe~- ______ P~Pc 
.00, 1 t 1 I I I 
- 1 5 - 1 0 -5 0 5 1 0 -; e 
SpiRe 
FIGURE 6.75 COMPARISON OF FLAT PLATE PRESSURE DISTRIBUTIONS GENERATED BY IMPINGI ~'Jc, 
-~--.~---












, o ROCKET JET 
o NITROGEN JET 
, rf-r~~§~ . Laf - - - - - - - - - _P~Pc 
--'6: 
.aa! I I I.. 
- I 5 - I 0 -5 0 5 10 , c; 
SpIRe 
FIGURE 6.7b COM PAR ISO N 0 F F LA T P LA T E PRE S SUR E 0 1ST R 18 UTI 0 N S G ENE RAT E 0 BY IMP Ir J G Ir J G 
"- ---- --~-





" a.. :l.. 
oq: 












~-- - - - - - - - - - - - -p~~ 
-- -- -- -- -- -- -- --
-"'" ~ ~::::fi--=-? _ ~ r 1 
,.., I. L ~ 
f , 
.. ' .'--'-- --.-..~ ___ u_ ! • J I • 
_J. __ -4---__ ~_ 
- \ ') - 1 0 -5 0 5 10 
f~~URE. __ 6~ 
SpIRe 
COMPARISON OF FLAT PLATE PRESSURE DISTRIBUTIONS GENERATED BY IMPINGUJG 
ROCKET AND NITROGEN JETS WHEN: Me=1.0J Pc!Pa=40.0J lQi'Be ~~JL. __ 45.0 
1 <:. 
